This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of
to make the world’s books discoverable online.

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was nevel
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domair
are our gateways to the past, representing a wealth of history, culture and knowledge that’s often difficult to discover.

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book’s long journey fro
publisher to a library and finally to you.

Usage guidelines

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belon
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have take
prevent abuse by commercial parties, including placing technical restrictions on automated querying.

We also ask that you:

+ Make non-commercial use of the fild&e designed Google Book Search for use by individuals, and we request that you use these fil
personal, non-commercial purposes.

+ Refrain from automated queryirigo not send automated queries of any sort to Google’s system: If you are conducting research on m:
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encc
use of public domain materials for these purposes and may be able to help.

+ Maintain attributionThe Google “watermark” you see on each file is essential for informing people about this project and helping ther
additional materials through Google Book Search. Please do not remove it.

+ Keep it legalWhatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume |
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users
countries. Whether a book is still in copyright varies from country to country, and we can’t offer guidance on whether any specific
any specific book is allowed. Please do not assume that a book’s appearance in Google Book Search means it can be used in al
anywhere in the world. Copyright infringement liability can be quite severe.

About Google Book Search

Google’s mission is to organize the world’s information and to make it universally accessible and useful. Google Book Search helps
discover the world’s books while helping authors and publishers reach new audiences. You can search through the full text of this book on
athttp://books.google.com/ |



http://books.google.com/books?id=eIY0AAAAMAAJ&ie=ISO-8859-1




e e
— e adI T B

%
















MATERIALS
OF CONSTRUCTION

THEIR MANUFACTURE AND PROPERTIES

BY THE LATE

Proressor ADELBERT P. MILLS

OF CORNELL UNIVERSITY .

SECOND EDITION, EDITED BY

HARRISON W. HAYWARD
Professor of Malerials of Engineering, Massachusetts Institule
of Technology

TOTAL IS8UE, TEN THOUSAND

NEW YORK

JOHN WILEY & SONS, Inc.
Lonpon: CHAPMAN & HALL, Limitep

1922



CoryrnigaT, 1915
BY
ADELBERT P. MILLS

CoryriGHT, 1922
BY
GRACE C. MILLS
AND
HARRISON W. HAYWARD

CAMBRIDGE, MASS., U. 8. A.



253054 7,7,
FEB 17 1822 '

S1K

‘ML
N

PREFACE TO SECOND EDITION

No attempt has been made in this book to change fundamentally the
original work of Professor Mills which has proved of great value to stu-
dents and engineers.

Certain chapters have been condensed, parts of others have been re-
written. Several new chapters have been added. The book has also been
divided into sections.

Acknowledgment is made to the following members of the faculty of
the Massachusetts Institute of Technology for their valuable advice and
assistance:

Professor Henry Fay, who reviewed the chapter on Steel; Professor R.
8. Williams, who reviewed the chapter on Non-Ferrous Metals and Alloys;
Professor I. H. Cowdrey, who reviewed the chapters on Stone and Timber;
Professor G. B. Haven, who prepared the new chapter on Mechanical
Fabrics; and Mr. Dean Peabody, Jr., who re-wrote the chapter on Con-
crete.

Acknowledgment is also made to the Plymouth Cordage Company
and John A. Roebling’s Sons Company for information furnished on fibre
and wire rope.

H. W. HAYWARD
CaMBRIDGE, Mass.
December, 1921






PREFACE TO FIRST EDITION

TH1s work is an outgrowth of certain lectures and notes which have
been used in the author’s classes in the College of Civil Engineering,
Cornell University, for the past several years. Ite preparation was under-
taken to meet the need which was felt for a general text-book covering
the manufacture, properties, and uses of the more common materials of
engineering construction in a comparatively concise and thoroughly
* modern manner.

Although this book is intended primarily for use as a text-book of
somewhat elementary character and is not a treatise exhaustively
covering the very broad field of ‘“ Materials of Construction,” the treat-
ment has been made more detailed in some respects than may be nec-
essary for class-room purposes, and its applications as a general ref-
erence work thereby broadened.

The treatment of the various classes of materials considered follows
a general systematic form which has been made uniform throughout
80 far as has been found practicable. The consideration of each material
or class of materials is prefaced by a discussion of its ordinary appli-
cations in engineering construction, followed by a study of its manu-
facture or natural occurrence, and concluded by a discussion of physical
and mechanical properties in their relation to its uses.

As a result of the author’s experience in the teaching of this subject,
the properties exhibited by a given material are, for the most part,
considered as dependent phenomena closely related to certain more or
less variable factors connected with the process of manufacture, natural
occurrence, and conditions of service or testing, and not as independent
qualities inherent in that material. It has been considered advisable
to avoid the inclusion of tabulations of investigational data whenever
the data could be presented graphically by curves or diagrams; dis-
cussions of conflicting empirical data on points admitting of controversy
have been reduced to a minimum; and an effort has been made to present

v
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the material in a definite, concrete form, the necessity for the exercise
of discriminative judgment upon the part of the student being obviated
by conclusions drawn by the author, even though it is recognized that

- in so doing errors of judgment may be made, and the criticism of those
who object to any form of dogmatic statement is invited.

The subject of testing materials has not been covered, except in so far
as methods of testing are inseparable from discussions of the properties
of materials revealed by laboratory tests. It is the author’s conviction
that this subject can be handled only in tbe laboratory itself, and the
place for such material is therefore in a laboratory manual. It is assumed,
however, that a laboratory course in testing materials will invariably
parallel and supplement the text-book course in the study of materials.

The author cannot make a pretense of being a specialist in all of the
fields which are covered in the various chapters of this book, and this work
is therefore to a very large degree a compilation of data and opinion from a
great many different sources. The author takes pleasure in acknowledging
his great indebtedness to the large number of engineers and manufac-
turers who have privately or by their writings contributed much to -
make up this volume. A large number of technical books which are
devoted to the consideration of some part of the ground covered by this
text have been frequently consulted and freely used. An effort has
been made to always acknowledge the source of information so obtained,
and if any error of omission has been committed in this respect, it has
been committed inadvertently, not by intention.

The following well-known text-books and reference works have been
most frequently used:

- ¢ Cements, Limes, and Plasters,” by E. C. Eckel; ‘ I'ortland Cement,”
by R. K. Meade; “ Manufacture of Portland Cement,” by R. C. H.
West; ‘ Masonry Construction,” by I. O. Baker; ‘ Stone for Building
and Decoration,” by G. P. Merrill; ‘ Building Stones and Clay Prod-
ucts ”’ and “ Economic Geology,” by Heinrich Ries; ‘ The Blast Furnace
and the Manufacture of Pig Iron,” by Robert Forsythe; ‘ The Met-
allurgy of Iron and Steel,” by Bradley Stoughton; ¢ The Metallurgy
of Steel ” and ‘“ Iron, Steel, and Other Alloys,” by H. M. Howe; “ The
Manufacture and Properties of Iron and Steel,” by H. H. Campbell;
“ Iron and Steel,” by H. P. Tiemann; * Modern Iron Foundry Practice,”
by G. R. Bale; * Cast Iron,” by W. J. Keep; ‘ The Production of
Malleable Castings,” by Richard Moldenke; ‘‘ The Corrosion and Pres-
ervation of Iron and Steel,” by A. S. Cushman and H. A. Gardner;
“ The Metallography of Iron and Steel,” by Albert Sauveur; and
“ Economic Woods of the United States” and ‘ The Mechanical Prop-
erties of Wood,” by S. J. Record.
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The following periodicals and publications of various societies have
also been frequently consulted:

“ Engineering News,” ‘‘ Engineering Record,” ‘‘ Metallurgical and
Chemical Engineering,” Proceedings of the American Society for Testing
Materials, Proceedings of the International 'Association for Testing
Materials, Transactions of the American Society of Civil Engineers,
Proceedings of the Institution of Mechanical Engineers, Journal of
the Iron and Steel Institute, “ Tests of Metals,” published annually
by the U. S. War Department, “ Mineral Resources,” published annually
by the U. 8. Geological Survey, Reports of the various State Geological
Surveys, the publications of the Forestry Division of the U. S. Depart-
ment of Agriculture, and the publications of the U. S. Bureau of Standards.

ADELBERT P. MiLis.
IteACA, N. Y.

February 20, 1915,
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MATERIALS OF CONSTRUCTION

SECTION 1

CHAPTER I
GYPSUM PLASTERS

1. Definition and Classification. Gypsum plasters comprise all that
class of plastering and cementing materials obtained by the partial or
complete dehydration of natural gypsum, and to which certain mate-
rials which serve as retarders or hardeners, or which impart greater
plasticity to the product, may or may not have been added during or
after calcination. Gypsum plasters may be classified as follows: *

(A) Produced by the incomplete dehydration of gypsum, the cal-
cination being carried on at a temperature not exceeding
190° C. (374° F.).

Plaster of Paris, produced by the calcination of a pure gypsum,
no foreign materials being added either during or after
calcination.

Cement Plaster (often called Patent or Hard Wall Plaster), pro-
duced by the calcination of a gypsum containing certain nat-
ural impurities, or by the addition to a calcined pure gypsum
of certain materials which serve to retard the set or render -
the product more plastic.

(B) Produced by the complete dehydration of gypsum, the calcina-
tion being carried on at temperatures exceeding 190° C.
(374° F.).
Flooring Plaster, produced by the calcination of a pure gypsum.
Hard Finish Plaster, produced by the calcination, at a red heat or
over, of gypsum to which certain substances (usually alum or
borax) have been added.

2. Gypsum Rocks. Pure gypsum is a hydrous lime sulphate
(Ca80; + 2 H.0), the composition of which by weight is:

* Eckel, “Cements, Limes, and Plasters.”
11

1



12 . MATERIALS OF CONSTRUCTION

. Lime (CaO)........... 32.6%
Lime Sulphate (CaSO0,) {Sulphm o e GO S °} 79.1%
WLEr (HO) . vveeeeesesns oo el 209
100.0%

Natural deposits of gypsum are practically never pure, the lime sul-

phate being adulterated with silica, alumina, iron oxide, calcium carbon-
ate, and magnesium carbonate. The total of all impurities varies from
a very small amount up to & maximum of about 6 per cent.
" The physcial form of a natural gypsum is usually that of a massive
rock formation. It also occurs as an earthy gypsum or gypsite, and as
gypsum sands in some localities. Alabaster is a specially pure white
massive gypsum of very even texture and fine grain, and selenite is a
white semi-transparent crystalline gypsum which occurs only in rela-
tively small deposits in massive gypsum.

3. Theory of Calcination. If pure gypsum be subjected to any
temperature above 100° C. (212° F.), but not exceeding 190° C. (374° F.),
three-fourths of the water of combination originally present is driven
off. The resultant product is called Plaster of Paris (CaSO4 + } H:O).
Since the time required for the process is directly dependent upon the
temperature maintained, it is the general practice to keep the tempera-
ture near the highest possible limit, thus effecting an economy in both
time and fuel. Plaster of Paris readily recombines with water to form
gypsum, hardening in a very few minutes.

If the gypsum be calcined at temperatures much above 190° C.
(374° F.) it loses all of its water of combination, becoming an anhydrous
sulphate of lime (CaSO,). All temperatures exceeding that required for
complete dehydration result in some impairment, temporary or perma-
nent, of the capacity of the plaster for recombination with water, the
. extent of the injury being dependent upon the intensity and the time of
the heating and upon the state of subdivision of the material. If the
material is finely divided, the plaster may be made totally incapable of
recombining with water (dead-burnt plaster). If the material is cal-
cined in a lumpy condition the temperature not exceeding 500° C.
(932° F.) and not prolonged beyond three or four hours, the principal
effect upon the product is a great retardation of the rate of setting and
hardening, a hydrate being ultimately formed, in the course of days or
weeks, which greatly exceeds ordinary plaster in hardness and strength.

4. Practice of Calcination. Plaster of Paris and cement or hard
wall plasters are made in a practically identical manner, the distinct
properties of the two materials being due to the use of pure gypsum in
the one case, and impure gypsum or adulterated pure gypsum in the
other.
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Two operations only are involved in the process of manufacture:
crushing and grinding, and calcination. Rock gypsum is first crushed
to fragments about one inch in diameter which are passed through an
intermediate crusher and then pulverized in a finishing mill.

Plaster is calcined in kettles or rotary kilns.

The kettle is a cylindrical steel vessel, 8 to 10 feet in diameter and 6 to 9 feet high
(Fig. 1), mounted upon a masonry foundation. The bottom is convex, rising about

Fi1a. 1. — Four Flue Plaster Calcining Kettle.

1 foot in the center, and made of cast iron. A masonry wall encloses the steel cylinder,
leaving an open annular space between for the circulation of heat. A fire is maintained
on grates below the kettle, and the heated gases pass through ports into the open
annular space, then through the kettle in horizontal flues and out through the stack.
A central vertical shaft propels paddles just above the bottom, thus keepmg the
material agitated and preventing the burning out of the bottom.

The charge, consisting of 7 to 10 tons of ground gypsum, is delivered by a chute to
the charging door provided in the sheet-iron cap of the kettle. Heat is gradually
applied as the charge is slowly fed in and, as the temperature rises after charging is
complete, the contents boil violently ‘until the mechanically held water is driven off.
Boiling is renewed again when. the water of combination begins to be driven off, and
continues until the end of the process. The kettle is discharged by blowing out through
a small gate in the lower part of the side of the shell.

When the rotary calciner (Fig. 2) is employed the raw material is
used in the condition in which it comes from the intermediate crusher,
and feeding from the supply bin is continuous.

The cylinder is set on a slight incline, and the lumpy material fed in at the upper

end gradually traverses its length as the cylinder slowly rotates, is discharged at the
lower end, and enters calcining bins which are lined with non-absorptive brick, and
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from which outside air is excluded. The cylinder is enclosed within a brick chamber
which includes a firebox at one end, and a considerable air space is provided between
the steel shell and the masonry. The hot furnace gases are drawn into the brick
chamber by a fan and there mixed with sufficient air, admitted from the outside, to
secure the desired temperature. These gases are drawn into the cylinder through

-

F1g. 2. — Rotary Cylinder Type of Plaster Calciner.

hooded openings provided at intervals, and pass through it in a reverse direction to
that taken by the material. A dust chamber provided between the cylinder and the
stack catches the most finely ground plaster which has been carried off in suspension
by the gases.

The heat attained in the rotary calciner is from 200° C. (392° F.) to 300° C.
(572° F.), but time does not suffice for the complete dehydration of the gypsum, and
the removal of combined water is completed in the calcining bins through the agency of
the residual heat of the material itself. After about thirty-six hours the process will be
completed. Air inlets are then opened and the contents of the bin are rapidly cooled.
By providing four bins for each calciner the process is made continuous; while one bin
is being charged, the process of calcination is being completed in the second and third
bins, and the fourth is being discharged. The product of the calcining bins is conveyed
to finishing mills and there pulverized to the form of the marketable article.

Many cement or hard wall plasters are made direct from earthy
gypsum or gypsite, which is often found to contain a suitable percentage
of foreign material of such character that no corrective material need be
added either to retard the set or impart plasticity.

Flooring plaster is produced by the calcination of a pure gypsum in
a lump form in a vertical separate-feed kiln which differs little from the
separate-feed kiln used for the calcination of lime. The fuel, burned
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on grates outside the kiln, does not come in contact with the gypsum,
but the hot gaseous products of combustion pass directly through it,
heating it to a temperature of from 400° C. (752° F.) to 500° C. (932° F.).
Higher temperatures, or prolongation of heating beyond three or four
hours, ruin the plaster by robbing it of its setting properties as above
noted. Fine pulverization of the plaster must follow calcination.

A well-known variety of hard-finish plaster is the so-called Keene's
cement. This plaster is produced by the double calcination of a very
pure gypsum. After the lump gypsum has been calcined at a red heat,
the resulting anhydrous lime sulphate is immersed in a 10 per cent
alum solution, then recalcined, and finally pulverized in a finishing mill.

5. Additions Subsequent to Calcination. Plaster of Paris is never
adulterated in any way during manufacture, but cement or hard wall
plasters often require the addition of a retarder to render them suffi-
ciently slow setting. The retarders commonly used are organic mate-
rials, such as glue, sawdust, blood, packing-house tankage, etc. As a
rule the amount of retarder required does not exceed 0.2 per cent. Cer-
tain very impure gypsums produce a plaster which is too slow setting, or
sometimes extreme rapidity of set is required. In such instances the
addition of an accelerator is necessary. The materials used for this
purpose are crystalline salts, common salt (NaCl) being one of the best.

Gypsum plasters destined for use as wall plasters must usually have
their plasticity enhanced by the addition of some material such as clay
or hydrated lime, through the agency of which the naturally ‘short,”
non-plastic material is greatly improved in working qualities and sand-
carrying capacity. With the exception of those plasters which are made
from earthy gypsum which naturally contain 20 per cent or more of
clay, it is the usual practice to add about 15 per cent of hydrated lime
or, less frequently, clay, to the calcined plaster. Greater cohesiveness
may also be imparted to wall plasters by the addition of ﬁnely picked
hair or shredded wood fiber.

No additions are made to flooring plaster subsequent to calcination.
Keene’s cement is treated with an alum bath as above noted. Mack’s
cement, another variety of hard-finish plaster, is made by the addition
to dehydrated gypsum (flooring plaster) of 0.4 per cent of calcined sodium
sulphate (NasSO,) or potassium sulphate (KsSOy).

PROPERTIES AND USES OF GYPSUM PLASTERS

8. Setting and Hardening.* The setting of plaster of Paris and other
gypsum plasters is a process of recombination of the partially or totally

* By the term “setting " is meant the initial loss of plasticity, while ‘‘hardening ”
means the subsequent gain in ability to resist indentation or abrasion.
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dehydrated lime sulphate with water to reform hydrated lime sulphate
or gypsum. A pure plaster of Paris sets in from five to fifteen minutes
after the addition of water. Plasters made from impure gypsum are
less quick setting, requiring from one to two hours, and the completely
dehydrated classes of plasters are very slow setting, whether adulterated
or not. The ultimate degree of hardness attained by impure cement or
hard wall plasters greatly exceeds that of pure plaster of Paris, and the
hard-burned plasters are hardest of all. .

7. Strength of Plasters. Trade conditions in the plaster industry
have not yet reached the point where contracts for plasters are made
contingent upon -their satisfactorily meeting the requirements imposed
by a series of physical and mechanical tests. In consequence, scientific
investigation of the properties of plasters has been undertaken to a very
limited extent, and the value of the data which bear upon the question
is impaired by the fact that methods of examination have not been
standardized.

The tensile strength of plasters is dependent upon so many consid-
erations incidental to methods and conditions of testing that little data
as to tensile strength in general will be introduced. Tests made at
Washburn College show that the tensile strength of neat plaster is
probably between 400 and 600 pounds per square inch.

Tensile Strength, Pounds per Sg. In,
-5 88 & g 8 8

24681012 26 52
N Age in Weeks

Fi1a. 3. — Tensile Strength of Neat Wall Plasters.

The gain in strength is very rapid for the first few days and the
maximum strength is attained in a few weeks, after which retrogression
in strength usually occurs. _

Tests made at Iowa State College indicate that the tensile strengths
of mortars made of sand and plaster are as follows:
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Per cent of

Parts plaster Parts sand. s rength
1 1 85
1 2 56
1 3 33

The strength of mortar is largely dependent upon the character of
the sand used. Mortar made from fine plaster is somewhat stronger
than that made from plaster not sifted.
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Fi1a. 4. — Comparative Tensile Strength of Neat Plaster and Various Mortars.

A tentative standard offered by the Am. Soc. for Testing Materials
suggests that neat gypsum plaster shall set in not less than 1} hours and
shall have a tensile strength of not less than 150 pounds per square inch.

The compressive strength of plasters is dependent upon practically
the same factors as the tensile strength, but the experimental determi-
nation of compressive strength is influenced to so large an extent by
the personal factor in making and testing specimens, that satisfactory
experimental data are almost entirely lacking. The average compressive
strength of neat plaster varies between 1000 and 2500 pounds per square
inch, and the strength of one to two sand mortar is about three-fifths
of the neat strength.

8. Uses of Various Gypsum Plasters. Plaster of Paris, because of
the extremely rapid set which especially fits it for various special uses
as a casting plaster, etc., finds very little application as a material of
engineering construction. Almost its only structural use is in the form
of molded ornaments of ‘“stucco” which serve as architectural adorn-
ment of buildings. Plaster of Paris is not adapted for use as either a
wall plaster or a mortar for masonry construction unless additions be
made to retard its set and make it more workable. If this is done,
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however, it is no longer called plaster of Paris, but becomes a cement
or hard wall plaster.

Cement or hard wall plasters find their principal applications as
wall plasters with which a certain amount of hair, wood fiber, or asbestos
fiber, together with hydrated lime or clay, has been mixed at the place
of manufacture. Gypsum wall plasters possess certain advantages over
ordinary lime plasters, but also suffer by comparison with lime plasters
in other respects.

Among the advantages of gypsum plasters, is the fact that the
material comes upon the work ready to be mixed with sand and water
and immediately applied to the lath, whereas quicklime requires careful
slaking and should be allowed to season before being made up in a
mortar and applied to the walls. Gypsum plasters set more rapidly
and dry out in a much shorter time than do lime plasters, thus often
avoiding a delay in the completion of the interior finish of buildings.
On the other hand, no gypsum product makes as plastic and smooth
working a plaster as does the best lime, provided the latter is properly
slaked, seasoned, and mixed. Lime plasters excel in sand-carrying
capacity, making it possible to use three or four parts of sand to one of
lime for the first or “scratch ” coat on walls, and two parts of sand to
one of lime for the second or “brown ” coat, whereas it is inadvisable
with most gypsum plasters to use mortar mixtures leaner than 1 : 2 for
either scratch or brown coat on account of their poor spreading qualities.
The finish or “skim’’ coat is a neat or nearly neat paste in either case.

Among the other applications of hard wall plaster the following are
worthy of brief notice: Mixed with finely ground cinders and water to
form a fluid mix, hard wall plaster is poured in forms for floor panels of
buildings. Mixed with sawdust it is molded into blocks which may be
nailed in place as a wall finish, and, without the sawdust it may be
molded into solid or hollow building blocks and tiles for the construc-
tion of partition walls and floors and for fireproefing. Another appli-
cation of cement plaster is in the construction of *plaster-board,”
wherein the plaster is laminated with thin layers of card-board or wood
in sheets which are ready to be nailed to the studding of partition walls.
The wall surface thus provided is subsequently plastered, as a rule, but
may be finished in panels with no additional plaster by simply covering
the joints with wood strips.

Flooring plaster is, as the name implies, intended primarily as a
surface finish for floors. It must be protected from moisture while
setting, and must dry evenly to avoid the formation of cracks. After
standing about twelve hours it is pounded with wooden mallets and
smoothed with trowels.
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Hard-finish plasters find their principal application as wall plasters
and as floor surface, one of the most common applications being as an
imitation of tiling or marble for floors and wainscoting in hospitals,
lavatories, etc. Keene’s cement is, perhaps, the best known variety of
hard-finish plaster. Its set is extremely slow, and it gains instrength
very gradually, but ultimately attains a great degree of hardness and
a strength exceeding that of any ordinary gypsum plaster. It may be
regaged with water after having become partially set, and will then
take its set and harden just as satisfactorily, apparently, as if the
process of hardening had not been interrupted.



CHAPTER II
QUICKLIME

9. Definition and Classification. Quicklime is the name applied to
the common or commercial form of calcium oxide (CaO), obtained by
the calcination of a stone in which the predominating constituent is
calcium carbonate (CaCOQ;), often replaced, however, to a greater or less
degree by magnesium carbonate (MgCO;), this product being one which
will slake on the addition of water.

Hydrated lime is the same material as quicklime except that it does
not possess the power of slaking, since it has been chemically satisfied
with water during manufacture.

Quicklime is divided into two general grades:

Selected. A well-burned lime, picked free from ashes, core,
clinker, or other foreign material, containing not less than 90
per cent of calcium and magnesium oxides and not more than
3 per cent of carbon dioxide.

Run-of-kiln. A well-burned lime without selection, containing
not less than 85 per cent of calcium and magnesium oxides
and not more than 5 per cent of carbon dioxide.

According to the physical form of the material, quicklime is marketed
as:
Lump Lime. The size in which it comes from the kiln.
Pulverized Lime. Lump lime reduced in size to pass a }-inch
screen. .

According to relative content of calcium oxide and magnesium oxide,
quicklimes are divided into four types:

High-calcium. Quicklime containing 90 per cent or over of cal-
cium oxide. (Sometimes termed “rich,” “fat,” or ‘“caustic ”
lime.)

Calcium. Quicklime containing not less than 85 per cent and not
more than 90 per cent of calcium oxide.

Magnesium. Quicklime containing between 10 and 25 per cent
of magnesium oxide.

High Magnesium or Dolomitic. Quicklime containing over 25
per cent of magnesium oxide.

110
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10. The Place of Lime Among Cementing Materials. Cementing
materials used structurally may be divided into two general classes, as
non-hydraulic and hydraulic. Lime is the most common non-hydraulic
cementing material. The hydraulic cements include hydraulic limes,
grappier cements, natural cements, Portland cement, and puzzolanas.

11, Structural Uses. Lime is used in combination with sand as a
mortar for laying brick and stone masonry, as a wall plaster, and in
gaging cement mortars for the purpose of increasing their plasticity, or
to reduce their permeability.

MANUFACTURE OF LIME

12. Limestone Rocks. An ideal, pure limestone consists entirely of
calcium carbonate (CaCO;) which, at a temperature of 900° C. (1652° F.)
or over, becomes dissociated, the carbon dioxide (CQOs) being driven off
as a gas, leaving behind a white solid, calcium oxide or quicklime (CaO).

As pure calcium carbonate consists of 56 parts by weight of CaO to
44 parts of CO,, the theoretical proportion of quicklime obtainable by
the calcination of limestone will be 56 per cent by weight.

In practice, the proportion of quicklime will always fall below this
theoretical limit on account of the inevitable presence of impurities in
the limestone and the imperfections of the process of calcination.

Limestones encountered in practice depart more or less from this
theoretical composition. Part of the lime is almost invariably replaced
by a certain percentage of magnesia (MgO), making the stone to a
greater or less extent a magnesian limestone. In addition to magnesia,
gilica, iron oxide, and alumina are usually present and, to a slight extent,
sulphur and alkalies.

13. Theory of Calcination. The burning or calcination of lime accom-
plishes three objects.

The water in the stone is evaporated.

The limestone is heated to the requisite temperature for chemical
dissociation.

The carbon dioxide is driven off as a gas, leaving the oxides of
calcium and magnesium.

The evaporation of any water present in the stone means that a
certain portion of the heat supplied during calcination does not directly
assist in the dissociation of the carbonates. This heat does not mean
a thermal loss, however, because the presence of the water, and the
steam generated from it, facilitates the dissociation process.

The temperature of dissociation of pure calcium carbonate at a pres-
sure of one atmosphere has been determined by Johnson to be 898° C.
(1650° F.), and the corresponding temperature for magnesium carbonate
somewhat lower.
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Theoretically, all limestones could be properly burned at a tempera-
ture of about 880° C. (1600°F.), provided sufficient time was allowed.
In practice, however, the maximum kiln output is always striven for,
and, since the rate of heating is directly proportional to the temperature
of “he kiln, the maximum kiln output is obtained by burning at the
highest possible temperature. The highest temperature practicable is
not the highest temperature attainable, however, because the increased
activity of the impurities with rising temperature set a very definite
maximum limit, the exceeding of which means serious injury to the
quality of the lime produced.

The impurities in limestones readily combine with the basic lime and
magnesia. The silica forms silicates, the alumina forms aluminates, and
the iron oxide forms ferrites. These silicates, aluminates, and ferrites
are all readily fusible compared with pure lime or magnesia, and the
result of their formation is a softening of the portion of the stone thus
rendered fusible at the practical dissociation temperature, and its soften-
ing envelopes the particles of lime with a slag-like coating which causes
the quicklime to slake with difficulty. The softening of the mass also
results in compacting the material, thereby further injuring its qualities
by mechanically rendering it less porous.

This behavior on the part of the impurities explains the existence of
maximum practical temperature limits in burning impure limestones,
exceeding which causes marked loss of power of the quicklime to com-
bine with water in slaking, whereas it is practically impossible to over-
burn pure limestone.

The physical character of the limestone has an important bearing
upon the burning temperature, quite aside from the question of chemical
composition. A naturally coarse, porous stone is much more rapidly
acted upon by heat than a dense, finely crystalline stone, and in conse-
quence may be burned more rapidly and at a lower temperature. Small
pieces of stone may also be burned more readily than large stones.
Large sizes seem to be preferred, however, by the practical lime manu-
facturer, the common practice being to use ‘“‘stones’ measuring about
8 to 10 inches in diameter.

Provision must be made for carrying off the carbon-dioxide gas
evolved during calcination. If this gas is allowed to accumulate, it may
recombine with lime and magnesia and reform their carbonate. This
phenomenon is known technically as ‘“recarbonating.”

14. Practice of Calcination. The types of kilns employed in lime
burning may be described as follows:

Intermittent Kilns. An early form of intermittent kiln consisted simply of a dome-
-like structure crudely constructed by using the larger blocks of the stone to be burned.
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The balance of the limestone was piled on top and a wood fire started underneath. A
bright red heat having been obtained throughout the mass of stone, this temperature
was maintained for a period of three or four days, when, the mass having become soft,
the fire was allowed to go out and, after cooling, the lime was removed, the structure
being demolished in so doing.

Permanent intermittent kilns, often called “pot kilns " (Fig. 5), built of stone

]

{

{

‘ N
kiln shell. The limestone therefore comes in

contact only with the hot gaseous products of F1a. 6. — Keystone Separate-
combustion. feed Lime Kiln.
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The relative advantages of these two types, which are almost exclusively used in
the United States, may be summarized as follows: The mixed-feed kilns are cheaper
to construct, somewhat more economical of fuel, and somewhat more rapid in operation.
On the other hand, the separate-feed kilns yield a lime somewhat less discolored by
contact with the fuel, the lime is free from the fuel ash, which is not easily separated
out, and the danger of some part of the lime being imperfectly calcined, owing to a coat-
ing of fuel clinker on the lumps, is obviated. From 75 to 80 per cent of the output of
the mixed-feed kiln is marketable as well-burned, clean, white lime as compared with
90 per cent obtainable from separate-feed kilns.

Ring or Chamber Kilns. The ring kiln has been used quite extensively in Europe,
but has never come into favor in the United States. The commonest type of ring
kiln, the Hoffman kiln, consists of a series of chambers arranged around a central .
stack. Each chamber is connected
by flues with the stack and with
each of the two adjoining cham-
bers, and each flue is provided
with a damper by means of which
the passage may be closed. The
chambers may be charged with
limestone and fuel in the shape of
fine coal, and one chamber is fired.
The dampers are now so set that
the hot gases of the burning cham-
ber must traverse all the other
chambers before passing to the
stack, so utilizing the heat of the
gases in preheating the contents
of the chambers not yet fired.
When the calcination of the lime-
stone in the first chamber is com-
plete, the second chamber is fired
and the first chamber is tempor-
arily cut out of the circuit until it
has been discharged and re-
charged, when it becomes the
last chamber in the circuit. The
operation is continued in this man-
ner indefinitely.

Rotary Kilns. Rotary kilns
have been applied to the calcin-
ation of lime to a limited extent.
They are subject to the disad-
vantage of requiring that the
stone be finely crushed prior to the calcination, and the product is consequently so finely
divided that it is not marketable as lump lime, but can be sold only after grinding or
hydrating, as either ground or hydrated lime.

The fuels used in lime burning are wood, bituminous coal, and pro-
ducer gas. Wood fuel possesses a distinct advantage over coal because
of its longer flames and consequent better heat distribution throughout
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the mass of stone. Coal would never be used as a kiln fuel were it not
for the impossibility of procuring wood in many districts. The short-
flaming hot coal fire results in overheating of the portion of the kiln
near the firebox, while the material shortly above the fire zone receives
far too little heat. The use of producer gas as a fuel for lime burning
is a late development, its installation having thus far been largely con-
fined to the larger and more modern plants.

A lime kiln in operation always contains three classes of material:
(a) Stone undergoing preliminary heating through the agency of the
escaping hot products of combustion: (b) Stone undergoing dissocia-
tion through the agency of the direct heat of the fuel: (¢) Calcined lime
which accumulates in the lower portion of the kiln and is withdrawn in
part from time to time. The total amount of lime present in the kiln
cannot be drawn at one time, because, aside from the desirability of
letting it cool in the kiln itself, enough must remain at all times to fill
the “cooler ”’ (that portion of the kiln below the level of the fuel grate),
thus preventing unburned stone from sinking below the level of the zone
in which it is subjected to the action of the flames of the fires.

The operation of drawing consists in opening a draw-door provided
in the lower part of the cooler, poking the lime loose with a bar, and
allowing it to fall into a barrow or car placed underneath. This opera-
tion is repeated at intervals of from 4 to 6 hours.

16. Treatment Subsequent to Calcination. Lime drawn cold from
the kiln is immediately ready to be marketed as lump lime. When the
kiln is not provided with a cooler, however, or when drawn from the
cooler while still very hot, it is necessary to spread it out on a cooling
floor or leave it standing in fireproof containers for a few hoturs before
taking it to storage, packing house, or cars. Underburned and over-
burned material is easily recognized by its appearance, and is sorted
out while drawing it into the barrows, or while it lies on the cooling
floor.

A large proportion of the lime intended for use in the building trades,
especially as hydrated lime, as well as for agricultural purposes and
many applications in the arts and industries, is now ground before
being marketed. Ground lime is prepared by running the cooled lime
through a crusher and then a pulverizing mill, which reduces it to a size
sufficient to pass a sieve of 80 meshes per linear inch. The product is
then barreled or sent to the hydrator. Ground lime used structurally
as quicklime is seldom crushed to a size less than about } inch. ‘
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PROPERTIES AND USES OF QUICKLIMES

16. Classification of Limes.* Limes may be conveniently classified
according to the purposes for which they are used, as agricultural limes,
chemical limes, building limes, and finishing limes.

For agricultural limes only the chemical composition is of importance;
for limes used in the chemical industries the chemical composition and
the rate of hydration are important; building limes must be satisfac-
tory as regards sand-carrying capacity, yield of lime-paste per unit
weight of lime and strength; and finishing limes must be satisfactory
with respect to rate of hydration, plasticity, sand-carrying capacity,
color, yield, waste, hardness, time of setting, and shrinkage.

17. Chemical Composition. The approximate chemical composition
of limes of various classes has been indicated in Art. 9, wherein limes
were classified and graded according to their content of calcium oxide,
magnesium oxide, and carbon dioxide. The following table illustrates
the range of composition found for limes of various classes upon analysis
of samples of quicklimes coming from many parts of the United States:

ANALYSIS OF QUICKLIMES

Class of lime. | High caleium quicklimes, | Caleium and Magnesi Dolomitic quicklimes.
in. | Ave.of | M Ave. of . . . of
Component p¥:nz. pelr‘::nt ”:l&)“. por;:nt. ml’_zl.lt. per(gznt. m?lo:nt. pee-(:nt. pst(?ont.
Si0g......... 0.33( 2.20( 0.81| 0.66( 9.00'( 3.12| 0.14| 1.59 | 0.87
FeOs........ 0.08( 0.43| 0.23| 0.17| 0.59 | 0.41| 0.19| 0.39 | 0.29
AlO,........ 0.02| 0.42| 0.22| 0.18 | 2.57' 0.93| 0.14| 0.49 | 0.32
Ca0......... 91.37 | 98.08 | 94.98 | 78.59 | 84.81 | 81.42 | 55.80 | 64.45 | 60.13
MgO........ 0.17 455 1.39( 1.03{16.83 | 9.26 | 31.61 | 40.62 | 36.12
HO......... 0.36 | 3.45| 1.66| 0.63 | 12.42% 4.18| 0.55| 1.56 | 1.06
COy......... 0.20| 1.84| 0.83 | 0.24| 1.94| 0.18| 0.35| 3.01| 1.68

1 Excessively high in acid impurities. 2 Incipient air-slaking shows.

18. Hydration or Slaking. Quicklime intended for use in mortars
for masonry construction or as a wall plaster must first be prepared for
mixing with water to form a lime paste by being slaked. The hydration
or slaking of quicklime consists in the addition of sufficient water for
the formation of calcium hydroxide, the operation being represented by

the formula:
Ca0 + HyO = Ca(OH),,
75.7 4+ 24.3 = 100 (parts by weight).

* This classification is that proposed by W. E. Emley of the Pittsburgh Branch
of the U. S. Bureau of Standards.
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If the quicklime were absolutely free from impurities the amount of
water required for complete slaking would equal 32.1 per cent by weight
of the quicklime, but the fact that the quicklime is always impure to a
greater or lesser degree makes the amount of water actually required less
than this. The formation of lime hydrate is attended by the evolution
of considerable heat and an expansion to about 24 or 3 times its former
volume. Magnesian quicklimes, and particularly dolomitic quicklimes,
slake more slowly than high calcium limes, and the slaking is attended
with the evolution of much less heat and far less expansion. The fact
that quicklime used in the building trades is often slaked carelessly by
unskilled labor has caused a demand for ‘“hydrated lime.”

Lime intended for use in a mortar is usually slaked in a mortar mix
ing box, the mixture being stirred as water is added until a thin paste
or “putty ”” has been formed. The putty is then covered with sand to
protect it from the action of the air.

Lime paste or putty designed for use as a plaster should be allowed
to season for several weeks before being used.

The reaction involved in the hydration of quicklime may result in
the production of either crystalline calcium hydroxide or colloidal cal-
cium hydroxide, the relative quantity of one or the other being dependent
upon the time afforded for the reaction. Crystals of calcium hydroxide
form and grow slowly, whereas the colloidal hydroxide forms with great
rapidity. Consequently, the more rapid the reaction is made to be,
the greater the proportion of colloidal hydroxide. The reaction may
be most readily hastened by using warm water in slaking. A preponder-
ance of colloidal hydroxide is eminently desirable from the standpoint
of the mason who judges a mortar by its plasticity or spreading qualities,
its yield, and its sand-carrying capacity.

The hydration of high-calcium quicklimes is attended by great danger
of “burning,” due to too great a rise in temperature. ‘‘Burned lime,”
appears to be chemically inert and is useless in a mortar or plaster.
Burning may best be avoided by securing an intimate contact between
every particle of lime and the water. Great watchfulness and continuous
stirring of the mixture are therefore necessary.

No danger of burning attends the slaking of most magnesian and all
dolomitic quicklimes. On the contrary, the danger in this case is that
the quicklime may never be properly slaked before being used, as all
magnesian quicklimes slake very slowly.

¢ Air-slaked ” lime is a very different thing from the ordinary slaked
lime. Quicklime exposed to the air absorbs moisture and becomes
slaked lime, the expansion accompanying hydration causing the lumps
to fail into a more or less fine powder. Immediately, the slaked lime
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is attacked by the carbon dioxide of the air, and the resulting product is
simply powdered calcium carbonate, CaCO,. The term ‘air-slaked ”
will be seen to be a very misleading one, for the quicklime has not only
been slaked by the moisture in the air, but has been ruined completely
as a cementing material by taking up carbon dioxide while in a loose
powdered state. The fact that quicklime does ‘““air slake ’ when ex-
posed to the air is not an unmitigated evil, however, because it renders
possible the storage and even the shipment of ground lime without its
being contained in tight bags or barrels. The quicklime at the surface
becomes ‘‘ air-slaked,” but by so doing it immediately forms a film which
protects the bulk of the material.

The rates of hydration of various quicklimes are dependent, first,
upon the physical character of the material, finely divided or porous
quicklimes being more quickly hydrated because of their greater acces-
sibility to water; second, upon the chemical composition of the quick-
limes, high-calcium quicklimes being more quickly hydrated than mag-
nesian or dolomitic quicklimes, and pure limes of either class more
quickly hydrated than impure ones; third, upon the temperature of
burning of the quicklime, any underburned quicklime having little
ability to hydrate, and overburned limes behaving similarly owing to
the influence of impurities.

19.  Setting and Hardening. The setting of lime and lime mortar is
a chemical process involving essentially only the evaporation of the
large excess of water used in forming the lime paste, followed by the
gradual replacement of the water of the hydroxide by carbon dioxide in
the atmosphere, causing the lime hydrate to revert to the original caleium
carbonate. Dry carbon dioxide will not react with dry hydrated lime,
and it is therefore necessary that excess moisture be present.

20. Plasticity. Sand-carrying Capacity and Yield. The term “plas-
ticity ”’ is commonly used to describe the spreading quality of the mate-
rial when used in plastering. If it spreads easily and smoothly, it is
plastic; if it sticks or drags under the trowel, or cracks, curls up, and
drops behind the trowel, it is non-plastic or “short.” "Magnesian limes
produce mortars that work smoothly under the trowel while high calcium
mortars are apt to be sticky and work short.

Practically all lime used structurally is made up in the form of a
mortar by the addition of sand to lime paste. This circumstance is due
not simply to the fact that sand is cheaper than lime, but also that the
great shrinkage which accompanies the setting and hardening of lime
putty can thus be diminished and the consequent cracking be prevented.
The extreme stickiness of some high-calcium limes is also counteracted
by the sand.
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1t is absolutely necessary to mix the lime with from two to four parts
of sand to one of lime putty, and it becomes highly important that the
“sand-carrying capacity.”’ of the lime be properly established. If too
little sand be used, excessive shrinkage will cause a weakening of bond
between the plaster or mortar and the masonry materials or plastered
surface, and when the bond is mechanically increased, as in the case of
plaster spread upon lath, the openings between which provide a key for
the mortar, shrinkage cracks inevitably appear. On the other hand, too
much sand produces a non-plastic and weak mortar.

The sand-carrying capacity of a lime is expressed by the number of
parts of sand which may be added to the lime without rendering the
mortar too stiff to work well under the trowel. No fixed standard of
sand-carrying capacity has been established. Common experience has
shown, however, that pure high-calcium limes excel in sand-carrying
capacity, magnesian ljmes will carry less sand, and dolomitic limes carry
least of all.

The volume of paste of a definite consistency which a given amount
of lime will yield when slaked is a matter of great practical importance,
since the amount of lime required to ‘produce a given quantity of plaster
or mortar is estimated therefrom. If a fat lime and a lean lime are
slaked with equal proportions of water under the same conditions, the
fat lime will produce a thick paste when the lean lime yields a thin milk.
The fat lime is said to show the greatest “yield.” The yield of a lime
can only be expressed by the volume of paste of a stated consistency
produced per unit weight of dry quicklime. Pure high-calcium limes
yield the largest volume of paste per unit of weight, impure high-calcium
and magnesian limes expand less upon being slaked and therefore show
a lower yield, and dolomitic limes produce the smallest volume of paste
of any class of quicklime.

21. Waste. The determination of the proportion -of a 5-pound
sample of quicklime made into a paste, which after standing 24 hours
cannot be washed through a 20-mesh sieve by a gentle stream of water,
serves as a check upon the proper carrying out of the various steps in
the manufacturing process. ST

The material which cannot be washed through the sieve consists of
lumps of foreign material which did not disintegrate when the lime was
slaked. These lumps impair the working qualities of plaster, and, if
they consist of overburned lime, they are apt to become hydrated and
expand after the plaster sets, thus causing the ‘“‘popping ”’ or “pitting
which not infrequently disfigures the surface of plastered walls.

The specifications of the American Society for Testing Materials
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permit a maximum waste of 3 per cent for selected quicklime, and 5
per cent for run-of-kiln quicklime.

22. Hardness, Time of Setting, and Shrinkage. The hardness of
_ lime mortar, meaning by the term ‘““hardness " resistance to impact and
abrasion, has an important bearing upon the suitability of the material
for use in wall plasters. No method of testing the hardness of lime
mortars has been standardized. Comparative tests made upon various
classes of limes, as well as the common experience of builders, have
shown, however, that dolomitic limes produce the hardest mortars,
magnesian limes are less hard, and high-calcium limes least hard.

The time of setting of limes and mortars is most important in con-
nection with the use of the material in plastering operations. Lime
is naturally slow setting, which circumstance causes the loss of consid-
erable time between the application of the different coats. The slow-
setting properties of lime, a8 much as any other one characteristic, have
been responsible for the increasing use of quick-setting gypsum plasters.

The humidity and the amount of CO. in the atmosphere influence
the rate of sctting of lime, drying the air and charging it with carbon
dioxide, greatly accelerating the setting process.

No experimental method of determining the setting has been stand-
ardized. It is a fact well understood by practical masons, however, that
magnesian limes are slower setting than high-calcium limes, and the
dolomitic limes set still more slowly.

The decrease in volume or ‘“shrinkage ” of lime putty which accom-
panies the process of setting and hardening is directly accounted for by
the volume of water lost, the net decrease in volume being slightly
affected by an expansion entailed by the gain in carbon dioxide. It is
the universal practice to largely overcome the contraction and conse-
quent cracking of mortars and plasters by the addition of several parts
of sand to one of lime paste. The only exception to this rule is the fact
that neat lime putty is sometimes used as a thin ‘“skim ”’ coat on plas-
tered walls. In this case fine hair cracks do occur, but they penetrate
to so slight a depth that they do not open up appreciably.

The amount of shrinkage shown by limes is not closely related to
chemical composition, but all magnesian and dolomitic limes shrink
less than do high-calcium limes. This circumstance constitutes one
reason for preferring the former class of limes for the relatively rich
mixtures used for the finish coat on plastered walls.

23. Tensile and Compressive Strength of Lime Mortars. The
physical properties of lime mortar vary with the chemical composition
of the lime, the amount and character of the sand, the amount of water
used and the conditions under which the mortar sets. The very wide
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variation in the data obtained from tests makes it impossible to present
many definite statements with regard to either the tensile or compressive
strength.

Tensile Strength. Magnesian limes make stronger mortar than
calcium limes. Fine sand makes stronger mortar than coarse sand.

RESULTS OF TENSILE TESTS OF LIME-MORTAR BRIQUETTES
MADE AT IOWA STATE COLLEGE

AvVERAGE STRENGTH Or 10 Briquerres IN Ls. rer 8q. IN.

Age 3 months. Age 6 months.

Propor- Per
tions
Lime : | Cent I . .
Sand. | Water- | Calcium limes. Magnesian limes. Calcium limes. Magnesian limes.
- M .

oo | Baa | Pl | "Coen | Misa | Yoo | PaaE | ot | 'Gioen | Mt
1:1 65 96 111 78 128 63 109 154 159 184
1:2 100 | 76 94 100 92 130 68 97 113 137 167
1:3 55 68 90 86 130 53 73 94 | 119 154
1:1 45 61 98 54 105 47 62 113 75 153
1:2 200 | 51 55 90 81 105 53 57 88 98 125
1:3 | 50 55 101 81 100 54 48 104 91 108
1:1 43 41 120 75 101 42 45 140 96 123
1:2 300 | 41 45 112 77 86 41 45 114 91 113
1:3 46 53 87 70 82 48 51 99 88 ]

Compressive Strength. The crushing strength of lime mortar is
influenced by the same factors as the tensile strength and in addition
the crushing strength also varies with the size of specimen used.

THE VARIATION IN THE COMPRESSIVE STRENGTH OF LIME
‘MORTARS

Tests by Emley & Young

.~

(a) AMOUNT oF BAND. (b) Size or GRAINB.
Compressive strength, Compressive
Ibe. per sq. in. Si!:o 2‘ sand 1bs. per sq. in.
" “‘meshes No.
High calcium.| Dolomitic. High calcium. | Dolomitie.
273 372 10-20 98 166
151 267 20-30 118 214
116 217 30-40 138 312
112 202 40-60 186 335

116 203 60-80 260 444
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Magnesian limes make stronger mortar than calcium limes and fine
sand makes stronger mortar than coarse sand.

24. Relative Applicability of Various Limes to Special Uses. High-
calcium, magnesium, and dolomitic limes each possess certain special
advantages as building materials. Strong preferences exist among plas-
terers and masons, but these preferences are not always well founded and
are not the same in different sections of the country. In the following
enumeration of the principal structural uses of limes an effort has been
made to indicate the special reasons why one class of lime may be supe-
rior to another for the purpose indicated. The limitations of each lime
cannot be defined by hard-and-fast rules, however, and divergence from
the practices noted will doubtless be frequently encountered on con-
struction work.

Plasters. The plasterer has usually a preference for magnesian or
even dolomitic limes. This is due to the fact that these limes work
more smoothly under the trowel than do high-calcium limes, and also
that the more slow setting properties of these limes make it possible to
. spread a larger surface in one operation before stopping to complete the
surface treatment. Another advantage of magnesian and dolomitic
limes is the lessened danger of the development of “lime-pops” caused
by the late hydration of small particles of lime. The increased hardness
of the wall surface secured with dolomitic limes is also usually considered
an advantage.

One possible additional. reason for the preference felt by the plasterer
for magnesian or dolomitic limes is the fact that he is usually given a
richer mortar than would be the case if high-calcium lime were used.
This is due to the fact that magnesian limes will not carry as much sand
as high-calcium limes.

Mortar for Ordinary Brick Masonry. The bricklayer usually prefers
the magnesian or dolomitic lime mortar. Its slow setting properties and
greater plasticity make it possible for him to lay a greater number of
bricks in one operation.

Mortar for Face Brick. Dolomitic lime is invariably preferred for
laying dry-pressed or face brick. This class of bricks is commonly laid
with joints not exceeding } inch in thickness, and it is absolutely neces-
sary that the mortar be very plastic and very slow setting in order that
such thin joints may be secured, and the bricks at the same time be
accurately placed in proper alignment.

Mortar for Stone Masonry. High-calcium lime mortars are usually
preferred by the stone mason because of their more quickly setting prop-
erties, which constitute a distinct advantage. They become stiff enough
to carry the load put upon them without deformation in a very short
time, thus facilitating the proper setting of heavy stones.



CHAPTER III
HYDRATED LIME

26. Definition. Hydrated lime is a dry flocculent powder resulting
from the hydration, at the place of manufacture, of ordinary quicklime.

Hydrated lime is commonly divided into four classes: High calcium;
calcium; magnesian; high magnesian. The chemical composition is prac-
tically the same as for the corresponding classes of ordinary lime.

26. Process of Manufacture. Three stages of manufacture charac-
terize the preparation of hydrated lime.

The lump quicklime is crushed to a fairly small size.

The crushed material is thoroughly mixed with a sufficient quan-
tity of water.

The slaked lime is, by air separation, screening, or otherwise
separated from lumps of unhydrated lime and impurities, or
the entire mass must be finely pulverized.

Crushing. The degree of crushing employed at various hydrated
lime plants varies greatly. In some plants the quicklime is crushed to
a l-inch size; in others the quicklime is crushed to a size of % inch or
under. A few plants, after crushing the quicklime, pulverize it so that
the greater portion will pass a 50-
mesh sieve.

Mizing with Water. The two meth-
ods extensively used for hydrating
quicklime are the batch process, using
a machine of which the Clyde hydra-
tor is typical, and the continuous
process, in which a machine of which
the Kritzer hydrator is typical is used.

- Either process may give entire satis-
faction providing only that the plant
operation is properly supervised and
the character of the product kept 5
under strict chemical control. Fic. 8. — Clyde Hydrator.

The Clyde batch process hydrator (Fig. 8), is a machine in which a quantity of
quicklime (usually 1 ton) is placed, and the proper quantity of water added by means
of a spray. The machine itself consists of a revolving pan provided with plows, ar-
ranged in a horizontal spiral, which stir up and mix the water and lime. The water is
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weighed and added in a predetermined amount. The hydrated lime is scraped from
the pan through an opening in the center into a hopper below the hydrator.

. The Kritzer continuous process hydrator (Fig. 9), consists of a number of cylin-
ders, arranged one above the other, which are provided with screw-conveyors revolving

End Elevation. Side Elevation.
Fig. 9. — The Kritzer Continuous Hydrator.

around a central shaft. The quicklime is fed into the upper cylinder in a continuous
stream and here water is sprayed upon it, the amount being regulated by valves. The
moist lime is gradually worked by the conveyors through the upper cylinder into the
lower ones, and by the time it is discharged from the lowest cylinder it is entirely
hydrated.

Removal of Lumps of Unhydrated Material. Owing to the increase
in volume which accompanies slaking, the lumps of lime fall into powder
during the process. Any impurities in the lime will not slake, and will
remain with any imperfectly hydrated lime as lumps which can be re-
moved from the finished product by screening or air separation.

The form of screen usually employed consists of a wire netting
stretched on an inclined frame which is mechanically agitated as the
material traverses its length. The usual size is from 35 to 50 meshes
per linear inch. The whole structure must be enclosed to keep in the
dust.

Air separation systems usually involve the use of a Raymond impact
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mill or similar device in which the hydrate is subjected to the beating
action of rapidly revolving blades. The material encounters a current
of air by which the fine material is carried off in suspension, while the
larger particles settle out. The fine material is subsequently deposited
in a chamber provided for the purpose in the air duct, the precipitation
being effected by the reduction in velocity of the air current. The air
circuit is a closed one, the same air being used over again, and it is there-
fore a dust-proof device. A regulation of the size of the particles is easily
attained by varying the velocity of the air current through the speed
control of the fan. .

27. Properties and Uses. Hydrated lime and ordinary lime which
has been properly slaked on the work are the same material, and there-
fore should have identical physical properties. Experience has shown,
however, that stronger and more quickly setting mortars, which shrink
less upon setting and hardening, are derived from hydrated limes than
from ordinary quicklime. On the other hand, mortars prepared from
hydrates are vastly inferior to those prepared from quicklimes from the
standpoint of plasticity, sand-carrying capacity and yield, unless the
hydrated lime paste is allowed a period of seasoning before being used.

The strength of hydrated lime mortars, both in tension and com-
pression, is somewhat higher than that of the corresponding quicklime
mortars. This superiority is particularly noticeable in the case of high
calcium limes. The only physical tests for hydrated lime that have
been standardized are for fineness and constancy of volume.

Fineness (A. S. T. M. standard): ‘A 100-gram sample shall leave, by
weight, a residue of not more than 5 per cent on a standard 100-mesh
sieve, and not more than 0.5 per cent on a standard 30-mesh sieve.”

Constancy of volume (A. S. T. M. standard): ‘“Equal parts of hy-
drated lime and volume constant Portland cement shall be thoroughly
mixed together and gaged to a paste. Only sufficient water shall be
used to make the mixture workable. From this paste a pat about 3
inches in diameter and % inch thick at the center, tapering to a thin edge,
shall be made on a clean glass plate. This pat shall be allowed to
harden 24 hours in moist air and shall be without popping, checking,
warping or disintegrating after 5 hours’ exposure to steam above boiling
water in a closely closed vessel.”

28. Hydrated Lime vs. Quicklime. The superiority of hydrated lime
over the ordinary lump lime from the standpoint of the mortar strength
developed has been indicated. The advantage accruing from the use of
a material which need only be mixed with water, instead of being slaked
upon the work with the attendant danger of burning or incomplete
hydration, has also been noted. There remain certain advantages and
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disadvantages to be derived from the use of the commercial hydrate
which will be considered briefly.

Hydrated lime can be more conveniently handled than lump lime
because of its powdered condition, and can safely be stored or shipped
by rail or water in cloth or paper bags or even in bulk. On the other
hand lump lime deteriorates rapidly in storage or transportation, through
air-slaking, is considered an unsafe commodity to carry by water, and
wherever kept always constitutes a fire hazard.

One property of hydrated lime which often constitutes an advantage
on construction work is the fact that it is ready to be immediately incor-
porated with sand and water to form mortar, whereas ordinary lime must
be allowed to season for from one day to several weeks after being slaked,
thus causing delay. . ,

The fact that hydrated lime is a physically dry material is an advan-
tage in mixing mortars. The dry hydrate can be mixed with sand much
more easily than a lime paste or putty, and a more homogeneous mixture
is obtained before the excess water is added to make a plastic mortar.

On the other hand, mortars prepared from hydrated lime are very
“short” and non-plastic, the volume of lime paste derived is small, as
compared .with that obtainable from quicklimes, and the sand-carrying
capacity is low. The lack of plasticity of hydrated lime mortars is alone
sufficient to condemn the material from the standpoint of the practical
mason and plasterer. Some hydrates are, indeed, so lacking in colloidal
properties that they are absolutely gritty. As a result there is almost
no market for hydrated lime as a plastering or finishing lime, with the
exception of certain hydrates of special character which are produced to
a limited extent.

The greatest value of hydrated lime as a structural material is in
Portland cement mortars and concretes. It is also used in combination
with gypsum plaster.

.29. Special High Alumina Hydrated Lime. The unsatisfactory
properties of hydrated lime as a plastering material on account of the
non-plastic, poor working mortars formed, and the slowness with which
plastered walls dry out and harden, has led to many attempts to so
modify the characteristics of the material as to correct these defects.

These efforts have been far from uniformly successful, but, in at least
one instance, a material has been produced whose performances have
made a very favorable impression upon the architect, builders, and
artisans, and the material has come to be a fairly well-known article of
commerce.

This product, marketed under the trade name ‘Aleca Lime,” is
made by the incorporation with selected hydrated lime of about 15 per
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cent of a patented calcium aluminate compound which is derived as a
slag from blast furnaces. This compound is not a normal blast furnace
slag, but comes from a furnace whose charge is so regulated that a
slag high in alumina and relatively low in silica is produced. Its com-
position is about 25 to 35 per cent alumina, 20 per cent silica, and 35 to
40 per cent lime and magnesia. The slag is granulated by running the
molten material into water or by causing it to encounter a jet of steam or
water, and the material is subsequently ground to such a degree of fine-
ness that not more than about 25 per cent will be retained on a 200-mesh
sieve.

The lime manufacturer secures this material in a pulverized condi-
tion and mixes it with his finished hydrated lime. An ordinary mixer
is often used, but greater uniformity is obtained if the two materials are
passed together through a mill designed for fine pulverization of cement
and other similar materials.

Alca lime comes upon the work ready to be mixed with sand and
water and be used almost immediately. Best results are obtained if
the sand and lime are first mixed dry, then combined with about 16 per
cent of water, thoroughly mixed, and allowed to stand for not less than
one hour before being used. .



CHAPTER 1V

HYDRAULIC LIME AND GRAPPIER CEMENTS

HYDRAULIC CEMENTING MATERIALS IN GENERAL

30. Introductory. The cementing materials previously considered
have all belonged to the class of non-hydraulic cementing materials;
all have been simple both in composition and in chemical action. The
hydraulic cementing materials, however, comprize a class of products of
very complex and somewhat variable composition and constitution,
‘'whose physical characteristics are not definitely fixed, and whose actual
constitution is imperfectly understood.

These materials all possess, in common, one property known as
“hydraulicity,” i.e., the ability to set and harden under water. In com-
position they agree to the extent that they all consist essentially of lime,
silica, and alumina, or of lime and magnesia, silica, and alumina and iron
oxide. The hydraulic cementing materials include hydraulic limes,
grappier cements, puzzolan cements, natural cements, and Portland
cements. .

31. Classification of Cementing Materials.

Common Lime. Lime made by burning relatively pure limestone at
a very low temperature, the product being one which slakes when mixed
with water and which possesses no hydraulic properties.

Hydraulic Limes. Limes made by burning slightly argillaceous
limestones at a low temperature, the product being one which will slake
slowly but which at the same time possesses feebly hydraulic properties.

Natural Cements. Cements made by burning distinctly argillaceous
limestones at a comparatively high temperature, the product being one
which will not slake, but which when ground possesses hydraulic
properties.

Portland Cement. Cement made by burning an artificial mixture
of argillaceous and calcareous materials at the temperature of incipient
vitrification, the product being one which will not slake but which when
ground possesses marked hydraulic properties.

Puzzolan or Slag Cements. Cements made by incorporating slaked
lime with granulated blast furnace slag or a natural puzzolanic material
such as volcanic ash without subsequent burning, the product being
one which will not slake, but which when ground possesses hydraulic
properties.

128
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HYDRAULIC' LIMES

32. Definition and Classification. The hydraulic limes include all
those cementing materials, made by burning siliceous or argillaceous
limestones whose clinker after calcination contains a sufficient percentage
of lime silicate to give hydraulic properties to the product, but which at
the same time contain normally so much free lime that the mass of
clinker will slake on the addition of water.

The hydraulic limes therefore occupy an intermediate position be-
tween the common limes and the more complex cements.

33. Hydraulic Limestones. The ideal hydraulic limestone rock
should have such a composition that, after all the silica has combined
with lime during calcination, sufficient free lime remains to disintegrate
the kiln product by the expansive force set up when it is slaked.

The limestones used in the manufacture of hydraulic limes usually
contain from 40 to 50 per cent of lime and magnesia, 4 to 17 per cent of
silica, and usually not more than 4 per cent of alumina and iron oxide.

34. Calcination. The burning of hydraulic limes is accomplished in
continuous kilns. The operations involved in the process of calcination
are practically identical for common lime and for hydraulic lime except
that the temperature required is somewhat higher in the latter case.

36. Slaking and Subsequent Treatment. The theory of slaking of
hydraulic lime differs from the slaking of common quicklime in no respect
except that in the former case the quicklime, which will slake, is inti-
mately associated in lumps with lime silicate, under-burned limestone,
and some aluminate and ferrites, none of which can be slaked. The
expansion of the quicklime in slaking, however, breaks up the entire
mass into a fine powder which will consist principally of lime silicate
together with one-fourth to one-third as much hydrated lime.

The slaking of hydraulic lime was at one time done by the purchaser
upon the work. It is now, however, practically the universal practice
to slake the lime at the place of manufacture. The lump lime as drawn
from the kiln is spread out in thin layers and sprinkled lightly with water.
It is then shoveled into heaps or bins where it is allowed to remain for
about ten days till the slaking is completed. In order that the product
may be a fine, dry powder, the slaking must be done carefully and with
just the right amount of water.

A certain proportion of the kiln product either does not contain suffi-
cient lime or is not sufficiently burned to be slaked upon the addition of
water, and consequently remains as hard lumps called ‘“grappiers.”
The slaked material is passed over screens of about 50 meshes per linear
inch, which reject all of the larger particles. This rejected material is
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valuable or not according to whether it consists principally of lumps of
lime silicate on the one hand or unburned limestone on the other hand.
As a rule all of the grappiers are finely ground under millstones and a
certain proportion is added to the lime, thereby increasing its hydrau-
licity in proportion to the amount of lime silicate present. The ground .
grappiers are also separately marketed as a special cement known as

36. Physical Properties. The physical properties of hydraulic limes
are indicated by the following data from the work of Tetmajer.

TESTS OF HYDRAULIC LIMES
TENSION, AIR STORAGE

1:8 Neat.
7 8 8 | 210 1 2 7 28 84 | 210 1 3
days. | days. | days. | days. | year. | years. || days. | days. | days. | days. | year. | years.
Average....... 100.7 | 184.5 | 311.9 | 400.2 | 306.5 | 287.0 || 92.4 | 184.4 | 307.5 | 433.8 | 541.9] 553.8
Maximum. ... 236.1 | 385.5 | 367.0 [ 526.3 | 614.4 | 344.2 || 128.7 [ 250.3 | 408.8 | 498.5 | 770.4| .....
Minimum. .. .. 48.7| 82.5| 76.8|230.4 (1550|1885 || 75.4 | 91.0| 79.7|203.0 | 148.7 .....
No. tests...... (8) (8) 8) 3) 8) 4) (6) (6) (3] (5) [O)] (¢)]
TENSION, WATER STORAGE
Average....... 56.8 | 108.5 | 210.9 | 304.3 | 316.2  325.6 || 66.0 | 120.8 | 235.6 | 308.6 | 352.2] 460.8
um..... 95.3 | 174.9 | 342.8 | 465.1 | 463.7 | 400.6 || 108.1 | 170.2 | 345.6 | 421.0 | 489.5| .. ..
Minimum. .. .. 32.7| 46.9|102.4 | 166.4 | 2133 | 2688 (| 209 | 82.5( 153.6 | 253.6 | 800.1| .....
No. tests. ..... (16) 2 | an | @ | a9 8 | (8 ® | ™ (8) [§))
COMPRESSION, AIR STORAGE
Average....... 511.0 | 900.3 |1184.7 [2409.1 |1834.0 |1700.6 || 455.1 |1026.2 |1884.0 |2760.7 | 2018.3(3213.3
Maximum..... 981.7 [1779.0 |2201.5 (2003.3 [3552.9 [2200.5 || 776.5 (1415.2 [2580.0 (3500.0 | 4147 4 ....
Minimum..... 196.2 | 308.3 | 632.0 {1763.4 [1016.9 [1112.2 || 100.6 | 791.2 |1103.6 [1947.3 | 1514.7| .. ..
No. tests. . .... (8) (8) (8) @) 8) 4) (6) (6) (6) (5) (6) 1)
CoMPRESSION, WATER STORAGE

Average....... 342.5 | 676.9 |1189.9 [1806.7 [1924.9 (2116.9 || 330.5 | 720.4 [1543.1 (2579.6 | 3026.3(4083.4
Maximum. .... 709.7 (1109.4 |2511.5 [3648.5 [3625.6 (2088 4 || 634.4 | 995.G 12508.9 (3285 .4 | 3642.6( .....
Minimum.. ... 123.7 | 300.1 | 587.4 | 933.0 (1110.7 [1318.4 ([ 146.5 | 448.0 | 816.4 [1470.3 (19905 6| .. .
No. tests...... (9 | @0 | @ | an | @ | a2 YEEOCEROEEOE RO

37. Hydraulic Limes in Construction. Hydraulic limes were used
by engineers for various structural purposes before the advent of the
greatly superior natural cements, and now the latter product is almost
entirely replaced as an hydraulic cementing material by Portland cement.

Hydraulic limes are not suitable for use on subaqueous construction,
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in spite of their designation; they are too slow setting to render their
use on general construction work convenient and ‘practical, and their
comparative weakness makes competition with natural and Portland
cement impossible. Their only present value is that of an architectural
decorative material rather than a matérial for engineering construction.



CHAPTER V
PUZZOLAN CEMENTS.* SLAG CEMENTS

PUZZOLAN CEMENTS

38. General. The oldest known hydraulic mortars were undoubt-
edly made by the incorporation of a voleanic tufa with slaked lime and
sand. Thus were produced the cements extensively used by the Romans
and other ancient peoples in the construction of many engineering struc-
tures, a few of which remain to-day in a remarkable state of preservation.

The activity of the volcanic material depends upon the presence of
weakly acid silico-aluminates which combine more or less readily with
lime hydrate at atmospheric temperatures.

39. Definition of Puzzolans and Puzzolan Cement. The natural or
artificial materials which contain a sufficiently large percentage of avail-
able silica to combine with lime hydrate and form a cement possessing
hydraulic properties are known as ‘‘ puzzolans.”

. Puzzolan cements include all that class of hydraulic cementing mate-
rials which are made by the incorporation of natural or artificial puzzolans
with hydrated lime without subsequent calcination.

The true puzzolan cement, often called ‘“slag cement,” made by
incorporating blast-furnace slag with hydrated lime without subsequent
burning, must not be confused with the Portland cement, which is made
by finely pulverizing the clinker derived by the calcination of an inti-
mate mixture of the same materials.

40. Natural Puzzolanic Materials. All natural puzzolanic materials
of any commercial importance as cement materials are of the same
general character and have a like geological origin. All are direct
products of volcanic action and the commercial puzzolanic materials are
invariably derived from deposits of more or less agglomerated volcanic
ash,

The natural puzzolanic materials and the principal artificial puzzo-
lanic material, granulated blast-furnace slag, have their origin in practi-
cally the same processes. In both cases a more or less finely divided

* The term ‘“puzzolan,” which is commonly applied to this class of cements by
American authorities, is a corruption of the name “puzzuolana " which refers to the
class of volcanic material first utilized as a hydraulic cementing material at the town
of Puzzuoli, near Naples. Continental writers call these cements puzzuolana
cements.

132
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siliceous material is derived by the sudden cooling and ejection into air
or immersion in water of a fused silico-alumious material.

The only natural puzzolanic material of commercial importance as
cement materials are ‘puzzuolana,” ‘“trass,” ‘“santorin ”’ and ‘“tuff ”’
or “tufa.”” The latter material has been used in making only one
brand of cement, and in that case it is not used in conjunction with lime,
but is finely ground and mixed with an equal amount of ordinary Port-
land cement and the resulting blend subsequently finely pulverized to
produce a “tufa-Portland ’’ cement, which is neither a true puzzolan nor
a trtue Portland.

AVERAGE ANALYSES OF NATURAL PUZZOLANIC MATERIALS

Puzsuo- Pussuo- | Puzsuo- |

A
lana, lana, lana Trass, | goneorin, | ofall

Italy. France. Asores, | Germany. puszolans.
) 7 3 11 1 31
50.98 41.91 57.78 53.78 66.37 51.08
15.55 16.16 15.15 17.38 13.72 16.30
14.41 19.30 10.37 6.89 4.31 11.13
7.39 6.93 2.84 3.89 2.98 5.46
1.96 1.37 1.63 1.17 1.29 1.60
6.63 5.15 4.52 6.82 7.05 6.21
5.09 7.89 7.61 9.22 4.06 7.64

41. Manufacture of Puzzolan Cements from Natural Materials. The
preparation of puzzolan cements is a simple mechanical process involving
nothing more than the screening, mixing, and grinding of the two con-
stituents employed.

Most deposits of natural puzzolans are subject to great variation in
the quality of the material, therefore necessitating careful selection or
sorting of the quarry product to exclude inferior material. Screening
of the puzzolan is usually necessary in order to exclude undesirable
adulterants.

Puzzolanic rock is not usually mixed with hydrated lime at the
place of manufacture, but is pulverized and marketed as a material
to be incorporated with hydrated lime paste and sand where used in
construction work. The proportions of the mixtures used in mortars
are not fixed, but the proportion of lime usually amounts to from one-
third to one-half the proportion of puzzolan, and the puzzolan cement
thus formed may be combined with sand up to about three times the
proportion of cement.

42. Properties and Uses of Natural Puzzolan Cements. Puzzolan
cements made from natural materials hold so unimportant a place among
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structural materials that little study of their physical characteristics has
been made, and no data has been obtained in any recent investigations.

The tensile and compressive strengths of three puzzolan cements
tested by Dr. Boechme are presented by the curves of Fig. 10. All
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specimens were composed of one part by weight of puzzolan cement to
three parts by weight of sand. Similar tests were made on specimens
hardened in air and other specimens hardened in water, the strength
being determined for each at seven days and at twenty-eight days. In
every case the specimens stored in water were found to be stronger
than the corresponding air-stored specimens.

SLAG CEMENTS

43. Definition. Slag cement may be defined to be an intimate
mechanical mixture of granulated blast-furnace slag of suitable chemical
composition, with hydrated lime, the materials having been finely pul-
verized before, during, or after mixing.

No calcining of the mixture is practiced, and the product is not to be
confused with the true Portland cement which is produced by the caleci-
nation and subsequent pulverization of a properly proportioned mixture
of blast-furnace slag and raw limestone.

44. Blast-furnace Slag. Blast-furnace slags, such as are suitable for
use in slag cements, are fusible lime silicates derived as waste products
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from the operation of blast furnaces in smelting iron from its ores. The
slag is formed for the most part by the combination in the furnace of the
earthy part of the ore, with lime from limestone which is charged with
the ore as a flux. Slags are produced in many metallurgical processes
other than the reduction of iron ores. Only the latter process, how-
ever, is capable of producing the very basic slag required for cement
manufacture.

The required composition of the slag according to American practice is
within the following approximate limits: CaO, 48 to 50 per cent; SiO,
32 to 35 per cent; AlO;. 12 to 16 per cent MgO, Fe,O; S, etc., 2 to 5
per cent.

Slag, as it comes from the blast furnace if allowed to cool slowly, is
a very dense and hard material, and has, moreover, such a chemical con-
stitution that even when pulverized it does not combine energetically
with water, nor exhibit more than very feebly hydraulic properties. If
the molten slag is cooled very rapidly, however, by the use of cold water,
it becomes broken up into small porous particles which can be economi-
cally handled by the pulverizing machinery.

Two important chemical effects are also attained by the process of
granulating the slag; the slag is rendered more hydraulic, thus provid-
ing a stronger cement, and the content of undesirable sulphides always
encountered in slags is reduced.

46. Manufacture of Slag Cements. The process of manufacture of
slag cements involves the following operations: granulation of the
slag, drying the slag sand, preparation of the hydrated lime, proportion-
ing the mixture, mixing and grinding.

The granulation of the slag may be accomplished by a jet of high-
pressure steam which the stream of slag encounters as it issues from
the furnace. Air jets have also been similarly used, but both of these
methods have been generally replaced by an arrangement whereby the
stream of slag from the furnace falls into a trough containing a rapidly
flowing stream of cold water. This method is a very satisfactory one
as it produces a slag sand which is quite porous and friable and has the
proper chemical composition. It is charged with much moisture, how-
ever, and must be dried before being mixed with the hydrated lime.

The slag as it comes from the bins into which it has been discharged
by the granulating device, carries from 15 to 45 per cent of water. The
removal of this water is accomplished through the agency of heat in
either a rotary cylinder or in a vertical shaft dryer, into which the mate-
rial is introduced at the top and dried by ascending hot furnace gases as
it traverses a series of inclined baffle plates toward the base. Rotary
dryers are used exclusively in the United States.
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The hydrated lime used in slag cement in American practice is a
~ very pure high-calcium lime.

The proportioning of the mixture of slag and lime is usually done
according to some established standard found by experiment at each
plant to produce the most satisfactory cement with the materials in hand.
The standard proportions of slag and lime vary at different plants from
as low as 25 pounds of lime, to as high as 45 pounds of lime, for 100

pounds of slag sand.
The best method of
grinding and mixing the
slag and lime probably
consists in grinding the
slag sand in a ball mill
or other type of grinder,
adding the hydrated
lime, and accomplishing
the mixing and final pul-
verization of the mixture
simultaneously in a tube
Agetn Dags mill or ot';he.r typfa of

F1a. 11. — Tensile Strength of Slag Cements. cement-finishing mill.
Slag cements are nor-
mally more slowly setting than Portland cements and on this account are
often treated with some class of puzzolanic material which will hasten
the setting. Materials so used are burned clay, high-alumina slags,
certain active forms of silica, and in the patented “ Whiting”’ pro-
cess, caustic soda, sodium chloride or potash. The amount of such
materials added as an accelerator does not usually exceed about 3
per cent by weight, and unless the material is to qualify under the usual
specifications for Portland cement no accelerator should be necessary.
Any addition to the cement made for the purpose of regulating the
set must be made prior to final pulverization.

46. Properties and Uses of Slag Cements. The usual range of com-
position of American slag cements is indicated by the following sum-
mary.

8i0;. Al,05+Fe;0;+FeO. CaO. MgO. 8. CO,+H,0.

27.2-31.0 11.1-14.2 50.3-51.8 1.4-3.4 0.15-1.42 2.6-5.3

The specific gravity of slag cements usually ranges between 2.7 and
2.85, which fact affords a means of distinguishing slag cements from
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natural cements, which rarely fall below 2.9, and Portland cements, which
must under the standard specifications be not less than 3.1.
The fineness of grinding practiced in making slag cements is about

equal to that commonly
attained in grinding
Portland cements.

The strength of Am-
erican slag cements is
shown by Figs. 11 and
12, which are based up-
on tests made by Pro-
fessor W. K. Hatt at
Purdue University.

The use of slag cem-
ent is limited to unim-
portant structures or to
work requiring large
masses of concrete ma-
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F16. 12. — Compressive Strength of Slag Cements.

sonry where weight and bulk are more important than great strength.
It is seldom used on structures above the foundations, and never used
on comparatively light reinforced concrete construction.



CHAPTER VI
NATURAL CEMENTS

47. Definition. Natural cement may be defined as the finely pul-
verized product resulting from the calcination of a natural argillaceous
limestone at a temperature sufficient to drive off the carbon dioxide gas
and also decompose the clay and effect the formation of aluminates, fer-
rites and silicates.

The ‘distinctions between natural and Portland cements may be sum-~
marized as follows:

Natural cements. Portland cement.
Raw material............ Natural argillo-calcareous | Artificial argillo-calcareous
rock mixture
Calcination Temperature Low : Relatively high
Chemical Composition. . .| Variable, not under control Ctintrolla. le within narrow
imits
Color.................... Uaua.lly yellow to brown Usua.lly blue-gray
Specific gravity.......... to 3.1 3.1to3
Rate of setting........... Normally rapid Relatlvely slow
Strength................. Low Relatively high

48. Natural Cement as a Structural Material. Natural cement is
used to a rather limited extent as the cementing ingredient of concretes
and, in combination with sand, as a mortar for laying brick and stone
masonry. In all of these applications it comes into direct competition
with Portland cement and suffers by comparison.

MANUFACTURE OF NATURAL CEMENTS

49. Natural Cement Rocks. Natural cements are invariably made
by the calcination of a natural clayey limestone carrying from 13 to 35
per cent of clayey material, 10 to 20 per cent of the clayey material
being silica, and the balance alumina and iron oxide. The hydrau}ic
properties of the cement are entirely due to the presence of this clayey
material. The calcium carbonate of the limestone may be replaced to
a considerable degree by magnesium carbonate, resulting in the replace-
ment of lime by magnesia to a corresponding degree in the manufactured .
product.

Argillaceous limestones of the composition required for the manu-

138
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facture of natural cement are widely distributed. There are, however,
only comparatively few districts where the natural cement industry has
ever become commercially successful. This fact is due to the necessity
for certain commercial advantages dependent upon the character and
location of the quarries. Among these requisites may be mentioned a
rock of at least fairly uniform composition, a favorable location of the
rock beds for cheap extraction of the cement rock, cheap fuel and good
transportation facilities.

50. Theory of Calcination. The rock as it is charged into the kiln
consists essentially of lime and magnesium carbonate with a more or
less definite percentage of clayey matter. The chemical changes that
take place during calcination may be briefly mentioned as follows:

Water mechanically held by the rock is first driven off; at a tem-
perature of about 800° C. (1472° F.) magnesium carbonate is dissoci-
ated, the carbon dioxide being driven off; at a temperature of about
900° C. (1652° F.) the lime: carbonate is similarly dissociated; at a
temperature of 900° (1652° F.) to 1000° C. (1832° F.) the clay is decom-
posed and the formation of aluminates and ferrites of lime and mag-
nesia is effected; lastly, at a temperature of
about 1300° C. (2372° F.), silicates of lime and
magnesia are formed.

51. Practice of Calcination. The Kiln. The
type of kiln most used in the United States’
natural cement industry is of the continuous
vertical mixed feed type, the rock and fuel being
either mixed or charged in alternate layers.

The Campbell kiln (Fig. 13) consists of an inner cyl-
indrical kiln of masonry, lined with firebrick and enclosed
by a sheet-steel cylinder separated from the masonry by
a thick layer of clay. The interior diameter of the kiln is
11 feet from a point about 9 feet above the pot to a point
about 8 feet below the top. The kiln gradually narrows
below this zone to a diameter of about 6 feet 7 inches at
the top ofjthe pot, and above this zone to a diameter of
about 9 feet. The height of the kiln above the top of the
pot is about 28 feet. The pot is an open grating of iron
in the form of an inverted cone about 3 feet 6 inches in t
diameter at the bottom where the calcined material is SECTION
withdrawn. The capacity of such a kiln is from 125 to  Fia. 13. — Campbell
150 barrels (265)pounds) per day. Other types of kiln in Kiln for Natural Cement.
common use in America differ from the Campbell kiln in
only one essential detail —the replacement of the iron kiln-pot by a masonry pot.
The Campbell is somewhat more economical to build and more convenient in operation.

The Fuel. The fuel used in natural-cement burning is usually bi-
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tuminous coal. The fuel consumption varies greatly, because differences
in composition of the rock cause variation in the required calcination
temperature. :

52. The Clinker. The output of a natural-cement kiln includes
three classes of material: hard-burned clinker, soft porous moderately
burned material, and practically unburned material. The recognition
of the presence of these three classes of material is necessary, because
with some rocks the best cement is derived from the soft moderately
burned material, and'in many cases the best cement is a mixture of
both materials. Unburned material is valueless.

With cement rock high in lime and magnesia the possible range of
temperature for proper calcination is shortened, with consequent
greater possibility of high percentages of free lime. The presence of this
free lime may be neutralized by some method of slaking. This is. com-
monly done by sprinkling or steaming the unground clinker. This
expedient decreases grinding costs, since the slaking of the lime will dis-
integrate the clinker to some extent.

63. Grinding. The clinker is crushed in some form of crusher and
then finished in some one of the various types of grinders and pulverizers
used in Portland cement manufacture.

PROPERTIES OF NATURAL CEMENTS

64. Chemical Composition. The average composition of various
natural cements is indicated by the following summary.

BiO,. AlO,. Fe,04. CaO. MgO.

22.3-29.0% '5.2-8.8% 1.4-3.29, 31.0-57.6% 1.4-21.5%

It will be apparent that the composition of natural cements is ex-
tremely variable. The wide variations in composition are accompanied
by great differences in mechanical properties.

66. Specific Gravity. The specific gravity of natural cements is
slightly below that of Portland cements, the average being about 2.95.

56. Time of Setting. Natural cements normally are quick setting as
compared with Portland cement. The standard specifications prescribe
that the initial set shall take place in not less than ten minutes, and hard
set in not less than thirty minutes or more than three hours.

The addition of gypsum or plaster of Paris has a very marked effect
in retarding the set of natural cements, the degree of retardation with a
given percentage of gypsum being largely dependent upon the chemical
composition of the particular cement.



NATURAL CEMENTS 141

67. Fineness. The general practice is to meet and even exceed the
requirements of the standard specifications of the Am. Soc. for Testing
Materials which permit a maximum residue of 30 per cent on the 200-
mesh sieve and 10 per cent on the 100-mesh sieve.

68. Tensile Strength. In tensile strength natural cements vary
quite as'much as they do in other physical properties. This variation is
found not only in comparing cements from different localities, but even
in comparing samples taken at different times from the output of any
one locality. The only general statement that may be made concern-
ing their strength is that natural cements rarely show more than half the
tensile strength of Portland cement of the same age. This is true not
only of neat cement, but also of mortars of all proportions.

The standard specifications of the Am. Soc. for Testing Materials
fix the following minimum requirements for tensile strength:

1
Neat cement, 1:3 standard
Ibs. per 8q. in. Lb.f";:‘:;'_ in.
24 hrs. inmoist air.............................. (2
24 hrs. in moist air, 6 days in water.............. 150 50
24 hrs. in moist air, 27 days in water............. 250 125

It is further stipulated that the cement shall show no retrogression in
strength within the periods specified.

69. Compressive Strength. The above remarks concerning the vari-
ability of tensile strength of natural cements apply equally well to com-
pressive strength. In general it may be stated that the compressive
strength of natural cement, neat or mortars, rarely exceeds one-third
that of Portland cement in similar mixtures.

60. Where Natural Cement May be Used. When economy is effected
thereby, natural cement may be substituted for Portland cement in
mortars and concrete for dry heavy foundations where the stresses en-
countered will never be high, for backing or filling in massive masonry
in dry situations where weight and mass are more essential than strength,
for laying brick and stone masonry subjected only to light loads and
not exposed, for pavement foundations, for sidewalks, etc. - It should
not be used in exposed situations, should not be placed under water, it
is unsuited for use in marine construction, and should not be used in
building construction above the foundation.






SECTION 2

CHAPTER 1
PORTLAND CEMENI

1. Historical. In 1824, Joseph Aspdin, a brick mason of Leeds,
England, was granted a patent on a method of manufacture of a cement
for which he proposed the name “Portland cement,” because of a real
or fancied resemblance of the concrete made with it to the natural lime-
stone extensively quarried for building purposes at Portland, England.
He proposed to make his cement from limestone combined with clay, by
burning the mixture and subsequently grinding the product. Aspdin is
usually given the credit for the invention of Portland cement, although
the specifications in his patent failed to state either the relative propor-
tions of clayey and calcareous material necessary or the required degree
of calcination of the mixture.

In the United States the cement industry began with the discovery
in 1818 of a natural cement rock in Madison County, N. Y., by Canvass
White, an engineer on the construction of the Erie canal. The natural
cement made and patented by White was used in large quantities in
the construction of the canal. Within a few years after the discovery
of natural cement rock in Madison Co., N. Y., other deposits were
found, and the manufacture of natural cement began in many other
places.

The first Portland cement manufactured in the United States was
made at Coplay, Pa., in 1875, by David O. Saylor, by calcining at a
high temperature a mixture of argillaceous limestone rock with a com-
paratively pure limestone. During the next five years several Portland
cement plants were put in operation in the United States. Between the
years 1880 and 1890 the Portland cement industry grew slowly, but it
was not until 1895, with the introduction of coal burning in the rotary
kiln, that there began the phenomenally rapid growth which has since
characterized the industry.

2. Definition of Portland Cement. The term “ Portland cement’ is
applied to the finely pulverized product resulting from the calcination
to incipient fusion of an intimate artificial mixture of argillaceous and

calcareous materials, this product to contain not less than 1.7 parts by
: 21
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weight of lime to 1 part by weight of silica + alumina + ferric oxide,
not more than 4 per cent of magnesia, nor more than 1.75 per cent of
anhydrous sulphuric acid, and to which no addition greater than 3 per
cent shall kave been made subsequent to calcination.

The raw materials must be mixed in quite exact proportions ob-
tainable only in an artificial way under chemical control. Burning to
incipient fusion (sintering) insures the high density so essential to
Portland cement. The provision allowing a maximum magnesia con-
tent of 4 per cent assumes that this magnesia content is taken into
account in adding the lime. An excess of magnesia tends to cause
unsoundness of cement. The allowance of a maximum sulphuric acid
content of 1.75 per cent is necessary because of the unavoidable presence
of sulphurous compounds in the raw material and in the fuel. In addi-
tion, sulphur compounds are necessarily introduced by the addition of
gypsum or plaster of Paris to regulate the time of setting. The pro-
vision limiting thc additions made subsequent to calcination to 3 per
cent is designed primarily to prevent the possibility of additions made
solely for the purpose of increasing the weight.

3. Portland Cement as a Structural Material. Portland cement is
by far the most important of all masonry materials used in modern engi-
neering construction. As monolithic concrete it is used in all types of
massive masonry, such as foundations, footings, piers, abutments, dams,
retaining walls, pavements, roadways, etc. When reinforced with steel
it is used for framework, walls, floors, and roofs of buildings, for bridges,
for tunnels, subways, conduits, and innumerable other purposes. In
combination with sand and lime it is used as mortar for laying brick or
stone, and as a plaster or stucco it is applied to either exterior or interior
walls upon a base of terra cotta, brick or metal lath.

In general cement holds rank as a structural material sccond only to
steel. An enormous amount of timber is used structurally but only a
comparatively small amount is used on important permanent work whose
features possess interest from the strictly engineering point of view.

One ‘great difference exists, in the conditions under which cement
is used as compared with steel. Steel is delivered upon the work as a
finished material, manufactured under standardized conditions, every
step in the metallurgical processes involved in its production, and the
mechanical operations of its fabrication having been most carefully
supervised. Upon the work the fabricated units are assembled, by work-
men specially trained in doing this one class of work.

Cement, on the other hand, although manufactured under well-
standardized conditions, is received upon the work as one ingredient
only of a structural material, which is built in place. The materials



PORTLAND CEMENT 23

which are combined with it to form concrete or mortar, i.e., sand and
crushed stone or gravel, are often used without careful examination or
selection, and the mixing and the deposition of the material in place
sometimes does not receive proper supervision.

PORTLAND CEMENT MANUFACTURE

4. Raw Materials. The essential constituents of Portland cement
are lime, silica, and alumina. With the exception of lime these sub-
stances are found free in nature, but not, however, in a form suitable
for use in cement manufacture. Lime is always used in the form of a
carbonate, and silica and alumina in the form of clay, shale, or slate.

The following classification of the raw materials may be made:

Calcareous. Argillo-cal . i 5
(CaCO; over 75%) (CaCOy = 40-75%) (CaCS, uadarior)
Pure limestone. Clayey limestonc. Slate.

Pure chalk. Clayey chalk. Shale.
Pure marl. Clayey marl Cloy.
Blast furnace slag.

The combination of the materials in any two of these groups which
will give a mixture of proper composition might be used as the raw mate-
rial for Portland cement. The only combinations which have been
used to any extent in this country are:

Argillaceous limestone (cement rock) and pure limestone.
Marl and clay or shale.

Limestone and shale or clay.

Blast furnace slag and limestone.

Chalk and clay.

While proper chemical composition and physical character are the
primary requisites for the raw materials chosen, many other considera-
tions assume great importance when the factors contributory to the eco-
nomical manufacture of Portland cement are considered. Among these
may be mentioned the availability of the deposits, the location with
respect to a market and transportation facilities, and also the location
with respect to fuel supplies.

Bb. Limestone. Limestones occur.widely distributed throughout the
country. When pure, limestone forms the mineral calcite (CaCO;), and
all limestones consist essentially of calcium carbonate combined with
more or less impurities. The principal foreign elements commonly found
are magnesia, silica, iron, alkalies, and sulphur.
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Magnesia in the form of carbonate of magnesia occurs very often
in limestone, but, since the effort is always made to keep the magnesia
content ag low as possible in Portland cement, a limestone containing
much over 5 per cent of carbonate of magnesia will not be suitable for use.

Silica may be present either alone or in combination with alumina.
When alone it may occur as fliut in pebbles or in the form of mica, horn-
blende or other complex silicates. The silica does not readily combine
with lime in the kiln, and more than a very small amount rendets a
limestone unfit for use. Silica combined with alumina is a very
common impurity in limestone and such limestones are of great value to
the cement manufacturer. Compounds of silica and alumina readily
combine with lime in the kiln and the argillaceous limestones are there-
fore among the most important classes of raw materials for the manu-
facture of Portland cement.

Iron occurs usually as either the oxide (Fe;O;) or sulphide (FeS,),
and less commonly a8 a carbonate or silicate. Except as a sulphide the
iron forms a useful flux, aiding the combination of lime and silica in the
kiln. As a sulphide it is injurious and to be avoided if in amounts over
2 to 3 per cent.

The alkalies, soda and potash, commonly occur in limestones in small
percentages. Unless present in quantities over about 5 per cent, in which
event they may be carried over into the cement with harmful results,
they will be largely driven off in the kiln. with no consequent effect upon
the cement. =

-Sulphur may be present as iron pyrite or as lime sulphate. In either
case its presence is extremely injurious and not over 2 per cent can be
tolerated.

The approximate range of composition of limestones used in American
Portland cement manufacture is indicated by the following summary:

Cotnponent. A”“‘;‘;,%t““" Usual percentage.
CaCOy. .o vvviiiiii i 88.0-98.0 93.0-97.0
SiOs......ccoiiiiiiiiiiiiin 0.3- 8.0 0.4- 3.0
AlO; + FesOa.oovvviviivnnnnes. 0.2-2.1 0.5-1.3
O3, 0.2- 4.2 1.0-2.5

6. Argillaceous Limestone, Cement Rock. The term “cement rock”’
is technically applied to a limestone containing about 68 to 72 per cent
of lime carbonate, 18 to 27 per cent clayey matter, and not over 5 per
cent of magnesium carbonate. Cement rock is a dark gray to black,
slatey limestone, softer than pure limestone and consequently more
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easily ground. As a rule the cement rock must be mixed with a com-
paratively;pure limestone in small percentages. In some cases, however,
the cement rock contains an excess of calcareous material, necessitating
the admixture of shale or clay.

7. Marl. Marls are deposits of comparatively pure carbonate of
lime found in beds of existing or extinct lakes. Organic matter, clay and
carbonate of magnesia are the principal impurities found in marls, with
sometimes small amounts of sulphur. Marls usually analyze about 90
t0,97 per cent CaCO; and MgCO;, less than 1 per cent SiOs, less than 1
per_cent Al:O; and Fe;O; combined, the balance being made up of small
amounts of organic matter, 8O;, etc. When used in the manufacture
of Portland cement marls usually require the addition of from 15 to 20
per cent clay. The large percentage of water (often 50 to 60 per cent)
usually present in the marl upon arrival at the plant is disregarded in
the above statement of composition.

8. Clays, Shales and Slates. Clays, shales, and slate may in gen-
eral be considered of the same ultimate composition, differing only in
the degree of consolidation. All clays are formed from the débris result-
ing from the decay of rocks, and hence they will differ greatly in compo-
sition and physical character. Clays left where rock disintegrates are
called residual clays, when transported and deposited by stream action
they are sedimentary clays, and when they are deposited by glacial action
they are glacial clays. The different classes of clays differ in composi-
tion owing to differences in the manner of their deposition. Residual
clays are apt to contain fragments of quartz, flint, or lime carbonate,
depending upon the character of the rock disintegrated; sedimentary
clays in their long water transportation usually have lost all their
coarser material and so form a fine-grained homogeneous product; the
glacial clays show even less homogeneity than the residual clays and are
apt to contain much sand, gravel and pebbles.

Absolutely pure clay is hydrated silicate of alumina or kaolin (ALQs,
2 8i0,, 2 H:0). Such a clay is not available for cement manufacture
but it is imperative that the clay be as free as possible from gravel and
sand. The proportion of silica should not be less than 55 to 65 per cent,
and the combined amount of alumina and iron oxide should be between
one-third and one-half the amount of silica. The presence of gypsum or-
pyrite in the clay is injurious, and magnesia and alkalies should not be
present in quantities exceeding about 3 per cent.

Shales are clays hardened by pressure, but they have almost invari-
ably been formed from deposits of sedimentary clay and so do not show
the irregularities in composition common to most residual or glacial
clays. Shales are preferable to soft clay for mixing with limestone
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because, on account of the similarity in physical character, segregation
of the two is less likely to take place. They also carry less water and
therefore require less drying. Clay, upon the other hand, is better
adapted for use with marl.

The slates are clays which through heavy pressure have solidified in a
markedly laminated ‘structure and acquired the property of splitting
readily into thin sheets. The slates find only a limited application in
the manufacture of Portland cement. )

9. Blast-furnace Slag. Three classes of cement which must not
be confused are made with blast-furnace slag as one of the ingredients.
One is the slag or puzzolan cement made by grinding blast-furnace slag
with hydrated lime without subsequent calcination; a second is a true
Portland cement made by mixing limestone and slag, grinding the mix-
ture very finely, and calcining the product as in the usual process of
Portland cement manufacture; the third is the German *Iron-Portland ”’
cement made by grinding finely together 70 per cent of true Portland
cement and 30 per cent of granulated blast-furnace slag.

Blast-furnace slag is a fusible silicate formed during the smelting of
iron ore by the combination of the fluxing material with the ‘“gangue”
of the ore. The slags used in cement manufacture are those of strongly
basic character, the higher the lime the better. The following analysis
is typical of the slags used in the manufacture of cements of the second
class above given.

1 S 33.10
Ironoxideand aluming..............ccoiiiiiiiinininenen.n. 12.60
Lime. .. e e e e 49 .98
Magnesia. . .........i it i i e e e 2.45

There is a slight chemical or thermal advantage in the use of slag as
a cement material owing to the fact that the lime is present as the oxide
(Ca0), instead of as the carbonate (CaCO;), meaning therefore a saving
of fuel in the kiln.  On the other hand this advantage is partially offset by
the fact that the granulation of the slag by running the molten material
into water results in the absorption of from 15 to 45 per cent of water,
which must subsequently be driven off, thus increasing the fuel con-
sumption. )

10. Proportioning the Raw Materials. The definition of Portland
cement above given (Art. 2) declares it to be a material containing “not
less than 1.7 parts by weight of lime to 1 part by weight of silica +
alumina + iron oxide, not more than 4 per cent of magnesia, nor more
than 1 75 per cent of anhydrous sulphuric acid.”” The combining of the
raw materials in such a manner as to achieve the desired ratio of calcareous
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to argillaceous materials is not, however, entirely a simple matter, for
the reason that Portland cement after calcination is not a mixture of lime
and clayey materials, but is what may be termed a ‘solid solution’’ of
a number of components including silicates and aluminates of lime, but
no free lime. The minimum ratio of lime to clayey material prescribed
in the definition very roughly expresses the relative proportions in
which the two classes of material are understood to combine, and the
actual proportions of two given materials which will produce a satis-
factory cement can only be determined by a knowledge of the detailed
composition of each of the component raw materials, and a further
knowledge of the compounds which will be formed during calcination.

The constituent raw materials may be analyzed, but cement chemists
do not agree upon the actual constitution of cement. The usual prac-
tice is to proceed upon an assumption of the essential constituents of
cement based upon the investigations made by M. Le Chatelier and the
Messrs. Newberry many years ago. Recent studies of this problem
tend to show that neither Le Chatelier nor the Newberrys were entirely
correct in their conclusions, but experience has shown that the methods
of proportioning which are based upon these conclusions will produce an
excellent cement.

The application of a rule based upon complete analyses of the raw
materials is not necessary once a plant is well established with fairly
uniform raw materials. Usually a fixed standard total percentage of
carbonate (CaCO; and MgCQ;) is found by experience with any given
raw materials to give a satisfactory mixture, and this standard is there-
after maintained as long as the raw materials remain unchanged.

11. Control of the Mixture During Operation of Plant. The ideal
method of control consists in the analysis of both raw materials at the
plant before grinding, grinding and mixing according to these analyses,
analyzing the mixture as a check, and correcting the mix by the addition
of the constituent required before calcination.

In practice, cheaper and quicker methods are adopted as a rule.
Either the analysis of the raw material is depended upon and no subse-
quent effort made to check and correct the mix, or the raw materials
are ground and mixed in approximately correct proportions without
analysis, and the ground mixture analyzed and then corrected by the
addition of the material found deficient.

12. Treatment of Materials Preliminary to Calcination. The cal-
cination of Portland cement materials must invariably be preceded by
two processes which may or may not be distinct one from the other:
(1) the reduction of the materials to powder; (2) the intimate mixing
of the materials in proper proportions. Often the mixing of the mate-
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rials is accomplished simultaneously with the final pulverization and
after the preliminary grinding.

The treatment of the raw materials before calcination follows, in
general, one of two possible processes: The dry process; the wet process.
The latter process is used only when the raw materials consist either of
marl and clay or chalky limestone and clay.

13. Theory of Calcination. The principal objects accomplished by
calcination of Portland cement mixtures are, in the approximate order
of their sequence: the evaporation of water, the dissociation of carbonates
of lime and magnesia, the expulsion of the alkalies, the oxidation of
ferrous to ferric oxides, and the combination of lime and magnesia with
silica, alumina, and ferric oxide to form the silicates, aluminates, and
ferrites, which make up the constitution of Portland cement.

Incidentally, contact of the materials with the fuel ash, the kiln
lining, and the kiln gases results in the addition of clayey constituents,
gilica, alumina, and iron oxide, thus very slightly reducing the proportion
of lime and magnesia in the finished product.

Most of the moisture is driven off at temperatures only slightly ex-
ceeding 100° C. (212° F.). Lime carbonate is dissociated at temperatures
somewhat above 900° C. (1652° F.), and magnesium carbonate at tem-
peratures probably’ between 800° C. (1472° F.), and 900° C. (1652° F.).
The formation of silicates, aluminates, and ferrites does not take place
at temperatures below about 1100° C. (2012° F.), and for most commer-
cial cement mixtures the attainment of a temperature of about 1550° C.
(2822° F.) has been found necessary in order to insure the combination
of practically all of the lime with the clayey constituents.

TaE DRrY ProcEss

14. Quarrying, Crushing and Drying the Rock. The larger part of the
material used in Portland cement manufacture is obtained by quarrying.

Quarries are usually opened on a side hill, the rock is blasted down in
benches, reduced to manageable size, and removed in small cars running
on movable tracks. The steam shovel is often used to load the blasted
material upon the cars, and where comparatively soft material is en-
countered it may be depended upon to excavate the material without
blasting.

The obtaining of material by underground workings in shafts or
tunnels is rarely employed because of the excessive cost as compared
with quarrying. Occasionally, however, a valuable stratum of cement
rock, limestone, or shale may be overlaid by a thick stratum of other
material, making underground working cheaper than stripping and
quarrying. Mining has one advantage over open quarrying in that



PORTLAND CEMENT

29

it is not affected by the adverse weather conditions which usually

make quarrying
impossible for at
Jeast one-fourth
of the time.

The raw mate-
rials employed in
the dry process
are in general in
the form of more
or less compact
rock, either cem-
ent rock and lime-
stone or limestone
and shale.

Preliminary
reduction is usual-

F16. 1. — Jaw Crusher.

ly accomplished in a crusher of either the jaw type, Fig. 1, or the gy-

- W

Fia. 2. — Gyra}ory Crusher.

ratory type, Fig. 2.
A roll crusher, Fig.
3, is occasionally
used.

It is found econ-
omical in many
cases to use more
than one size of
preliminary crush-
er, the smaller
machine taking care
of the smaller-sized
quarry rock and
the over-sized mate-
rial from the larger
machine.

The degree to
which the prelim-
inary crushing is
carried varies at
different plants.
The general prac-
tice, however, is

to reduce the rock to a size that will pass a 2 or 2} inch ring.
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The presence of moisture in the rock as it comes from the quarry
impairs the efficiency of grinding and pulverizing machinery. It is
therefore necessary to dry th~ rock after crushing.
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Fig. 3. — Edison Roll Crusbher.

The rotary type of dryer Fig. 4 is used almost exclusively in cement
mills. From the dryers the material is conveyed to the raw grinding
mill where it is ground, mixed, and finely pulverized.
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Fia. 4. — Ruggles-Coles Dryer.ﬂ

16. Grinding, Mixing and Pulverizing the Raw Materials. The
further reduction of raw material after drying is almost invariably car-
ried on in two stages. In the first stage the materials, cither mixed or
separately, are ground to a size varying in the practice of different plants
from } inch down to 4% inch or less. In the second stage the mixture
of the constituent materials is pulverized to the final degree of fineness
required. The choice of the type of grinding and pulverizing machinery
adopted is dependent upon the character of the raw materials, and the
type of equipment originally installed.

Most American plants operating on the dry process use the ball mill,
Fig. 5, or the kominuter, Fig. 6, for the initial grinding of the raw mate-




Fig. 5. — Ball Mill.

Fic. 6. — Kominuter.
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rial, in conjunction with the tube mill, Fig. 7, or Fuller-Lehigh mill,
Fig. 8, for final pulverization. The Griffin mill, Fig. 9, and the Hunting-
ton mill, Fig. 10, are also used for final pulverization.

The mixing of the two classes of
raw material may take place at any
one of several points in the process of
preparing the material for calcination.
The choice depends largely upon the
relative physical character of the two
classes of material and their uniform-
ity in composition. Two rock ores,
such as limestone and shale, or lime-
stone and cement rock, may run so
nearly constant in composition that
the chemist’s analyses made on mat-
erial as it comes from the quarry may
be trusted, and the mixture may be
proportioned by weight either just be-
fore, or immediately after crushing,
without fear of segregation of the two
rocks in subsequent handling. Such
a combination as a limestone and a
clay would give difficulty by segreg-
ation, by reason of their differing
physical characters, if mixed before
being reduced to a finely divided
state.

Probably the point in the process
where mixing is most often accom-

Fig. 8. — Fuller-Lehigh Mill.  plished is immediately after initial
grinding and before pulverization, an
analysis of the materials having been made after grinding. In the
extremely finely divided state attained in the process of pulverization a
very intimate mixing without danger of segregation is accomplished.
Very often some type of mechanical weighing and proportioning
machine is installed between the stages’ of initial and final grinding.
Probably no other factor contributory to the production of a satis-
factory cement holds so important a place as does the degree of fineness
attained in grinding the raw mix.
) Since the temperature of calcination is simply a sintering tempera-
ture, and not sufficient to fuse the mixture and so produce a homogeneous
“product, diffusion between the lime and alumina and silica must take
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place at a temperature usually not exceeding about 1600° C. (2912° F)
The amount of diffusion in a solid is dependent upon three factors, the
temperature, the time allowed, and the amount of surface exposed or

F1c. 9. — Griffin Mill.

the state of subdivision of the constituent materials. Fineness of grind-
ing will therefore lead to economy in calcination, since either the dura-
tion or the temperature of burning will be lessened by increased fineness
of grinding.

On the other hand, if the temperature or duration of burning is not
increased to compensate for lack of fine grinding the production of a
- relatively homogeneous product is impossible. There will be very im-
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perfect diffusion between the constituents of the mix, resulting in the
production of a cement lacking volume constancy.

F1a. 10. — Huntington Mill.

The actual degree of fineness attained in practice is somewhat de-
pendent upon the character of the materials used and other local factors.
The mixtures of cement rock with a relatively low proportion of lime-
stone, for instance, require less fine grinding than do the mixtures of
two pure classes of material such as a pure limestone and a clay or
shale.

16. Burning the Cement Mixture. The calcination of the cement
mixture is nearly always accomplished in the rotary type of cement
kiln, Fig. 11.

Raw material is discharged into the kiln from the supply bins either
through an inclined spout, Fig. 12, or a water-jacketed screw conveyor,
Fig. 13, running through the stack flue. Usually the fceding device is
belt-connected to the kiln drive so that the feeding starts and stops
with the kiln. When wet slurry is burned in the kiln it is pumped in
from a tank, provision being made to make the rate of supply uniform.

Coal used for kiln burning is usually gas slack and should contain
a8 little ash as possible. Coal is usually crushed in rolls or pot crushers,
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dried in a rotary dryer, and pulverized in a tube mill, Fuller-Lehigh mill,
or Griffin mill.

The pulverized coal is delivered by conveyors from the coal-grinding
mill to bins located above and behind the burner end of the kiln. A

Fia. 11. — 100-foot Rotary Kiln.

screw conveyor, Fig. 14, usually carries the coal from the supply bin to
a point where it falls into an air injector, where it encounters an air
blast which conveys it through a pipe to a nozzle which projects a foot

F1g. 12. — Kiln Feed by Spout.

or more into the kiln. The air thus introduced by the blower is only
about one-fourth that required for combustion, a large amount being
drawn in by the natural draft of the kiln stack through the opening in
the hood where the clinker cscapes. The pressure of air used is some-
times as high as 60 to 80 pounds per square inch. Natural-draft sys-
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tems, whereby the coal is made to fall in a thin sheet across a slit in the

end of the kiln, being carried in by the air sucked in by the natural stack
draft, have also been
used.

Crude oil when
burned in the rotary
kiln is sprayed in by a
blast of air from blowers
or air compressors. In
order to distribute the
heat properly in the kiln
two or more oil burners
are used.

The operation of the
rotary kilns requires at
all times the attendance
of a skilled burner who
may look after from two

: to four kilns. The fuel

Fie. 13. — Kiln Feed by Jacketed Conveyor. supply,and the speed of

. rotation, and hence the

temperature of the kiln and degree of burning of the clinker, are under

the direct control of the burner. The heat is judged simply by the in-

candescence of the interior (viewed through darkened glasses) and the
degree of burning of the clinker.

Proper burning is determined by the color and appearance of the
clinker, the properly burned clinker being a greenish black in color, having
a vitreous luster and showing bright glistening specks when just cooled.
The lumps are, in the main, from a size of a walnut down. Underburned
clinker is brown or has brown centers, and lacks the luster of well-
burned clinker. Over-burned clinker has hard brown centers. Over-
burned clinker is probably not injurious except for very low lime cements,
but over-burning means a fuel waste, and the grinding expense will be
increased owing to the greater hardness of over-burned clinker.

Under average conditions an 8 by 100-foot kiln should turn out
about 600 barrels of cement per day with a fuel consumption of about
80 pounds of coal per barrel. A 9 by 150-foot kiln should turn out about
750 barrels per day.

The low heat efficiency attained in the rotary-kiln calcination of
cement has led to a quite general effort to devise means of utilization of
the waste heat.

Heat lost by radiation cannot be utilized, but may be reduced by
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the placing of a poor heat conductor between the kiln lining and the
shell. Heat carried away from the kiln in the stack gases may be re-
duced in some degree by lengthening the kiln, thereby utilizing a part
of this heat in drying and preheating the raw material in the upper part
of the kiln.
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F1a. 14. — Coal Feed for Kiln.

The heat carried by the stack gases has been used in two ways: the
first and most common method is for the drying of the raw material in
rotary dryers, the second method consists in passing the gases through
vertical water-tube boilers, thus generating steam for the power plant.
The principal difficulty encountered is the presence of large quantities of
dust in the kiln gases, which makes impossible many ordinary methods
of heat regeneration.

The utilization of the heat carried off by the hot clinker is quite com-
mon. In general the method consists in drawing the air used for com-
bustion in the kiln through the hot clinker in a rotary cooler, thus cooling
the clinker and preheating the air. '

17. Treatment of the Clinker. The clinker as it issues from the kiln
is very hot, and must be reduced to a suitable temperature before being
ground. Occasionally it is the practice of cement plants to allow the
clinker to cool in piles outside the mill. More generally, however, it
has been found advisable to adopt some type of mechanical cooling
device which may or may not provide for the recovery and utilization
of the heat carried off by the hot clinker.

It is the usual practice to grind the clinker by the same type of grind-
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ing machinery used in the raw-material mill, the grinding and pulver-
izing being accomplished in two separate stages. Three of the principal
systems are:

Ball mill, kominuter, or rolls, followed by a Fuller-Lehigh mill.

Ball mill, kominuter, Griffin mill, Kent mill, Sturtevant mill, or
Huntington mill followed by tube mill.

Series of rolls.

18. Addition of Retarder. The clinker produced in the rotary kiln
process makes a cement which is naturally very quick setting. In order
to retard its set sufficiently to enable it to meet commercial require-
ments, it is the universal practice to add sulphate of lime either before
grinding or between the stages of grinding and pulverizing the clinker.
The retarder was at one time added in the form of plaster of Paris
(CaSO, + 3 H,0). Now, however, the universal practice is to add raw
gypsum (CaSO, + 2 H,0). The gypsum is obtained in the form of
lumps crushed to pass a l-inch ring and is added to the clinker either
by hand or by mechanical weighing devices, the quantity used being, as
a rule, about 2 per cent, and never exceeding 3 per cent. The retarding
agent is the sulphur trioxide present, whether plaster or gypsum be used,
and the more frequent choice of the latter is due entirely to the advan-
tage in cost of crude gypsum over that of the dehydrated form.

19. Storing and Packing. The finished cement is stored in stock-
houses containing bins holding from 1000 to 5000 barrels each.] The
bins usually discharge to hoppers and screw conveyors in tunnels below
each row of bins.

Cement is either packed in wooden barrels containing 376 pounds
net or in cloth or paper bags containing 94 pounds net. Packing is
commonly done by some type of semi-automatic machine, which fills,
weighs, and seals the barrels or bag.

THeE WET ProCESS

20. The Wet Process of Manufacture. In general, the materials
handled by the wet process are those of a soft physical character which
in their natural state carry high percentages of moisture such as marl
with clay or shale.

Marl is usually not ‘only saturated with moisture, but is often cov-
ered with water to a considerable depth. Under such circumstances it is
obtained by dredging. Usually the excavator is carried on a barge which
floats in a channel formed by the dredge in its progress through the basin.
The material excavated may be loaded by the dredge upon cars running
on tracks alongside the dredged channel, and thence be carried to the
mill, or in some cases the material may be loaded by the excavator into
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hoppers which feed a pug mill, wherein the marl is mixed with additional
water so that it may be pumped to the mill through a pipe line. The
marl usually reaches the plant in the shape of a thin mud containing
about 50 per cent water. It is passed through a separator to remove
stones, roots, etc., and then stored in large cylindrical tanks.

The clay upon arrival at the plant is often dried in order to facilitate
the determination of the correct proportion to be added to the marl. Itis

0 oo
o o o

Fia. 15. — Edge Runner Mill.

then ground in an edge runner mill (Fig. 15), between mill-stones, or in
a disintegrater.
From the storage tank the marl is pumped either into a measuring

Fic. 16. — Pug Mill.

tank or a weighing hopper. The ground clay is delivered to bins above,
and added to the marl in the proportion determined by analysis of the
materials.
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The mixture is now discharged into a pug mill, Fig. 16, which consists
simply of a horizontal cylinder within which two shafts provided with
steel propelling blades rotate. The mixture is churned up by the re-
volving blades, thoroughly mixed, some additional water being usually
admitted, and discharged into large vats or dosage tanks where it is
sampled, analyzed, and the mixture corrected by the addition of clay
and marl. In order to prevent any part of the mixture from settling, it
is necessary to provide these tanks with revolving arms with paddles
which keep the mass constantly agitated.

The slurry is now passed on to final grinding, which is usually done
either in a wet-emery mill or in a wet-tube mill.

The output of the finishing mill is conveyed to supply tanks for the
kilns and is charged in without any previous drying. It usually con-
tains from 60 to 65 per cent of water which must be evaporated in the
upper part of the rotary kiln. This practice necessarily increases the
fuel consumption of the kiln, but has been found to be more practical
than the drying of the mixture in a rotary dryer prior to calcination.

SEMI-DRY PROCESSES

21. Semi-dry Processes. In a few instances the wet-slurry process
of handling raw materials has been applied to dry raw materials such as
limestone and shale, etc. '

The pulverized raw materials are passed to a pug mill, the mix cor-
rected in dosage tanks, and the wet slurry fed to rotary kilns, as in the
wet process. The only justification for such treatment is the availability
of cheap kiln fuel such as crude oil or natural gas. Under such condi-
tions some saving may be effected, since an intimate mixture of the con-
stituents is procured without such fine grinding as is required for the
dry process. Where coal fuel must be used, the saving in the grinding
department is more than offset by the extra fuel requirement of the kiln
for drying the slurry, and the only advantage remaining lies in the fact
that as in the wet process, the composition of the mix is under better
control than in the dry process.

CeEMENT M1LL. EQUIPMENT

22. Equipment of Raw Mill. Rock Crushers. Crushers employed in the initial
reduction of the quarry output are either jaw crushers or rotary gyratory crushers.
In the first type of crusher (Fig. 1) the reduction is accomplished between a fixed
jaw and a hinged reciprocating jaw. In the latter type (Fig. 2) the material falls
within a hopper-shaped chamber lined with concave corrugated plates mounted con-~
centrically with the crushing head. The latter is a corrugated steel cone widening
toward the bottom, where the annular space between the cone hopper and the crush-
ing head is only large enough to permit the passage of material of a predetermined
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gizse. The crushing head is rotated through an eccentric drive which imparts to it an
oscillating motion and thereby lessens the liability of choking.

A third class of erusher used'for primary reduction consists of two horizontal rolls
made to rotate in opposite directions and provided on their periphery with corrugations
or large teeth. The best-known crushers of this class are the Edison rolls (Fig. 3),
the cylindrical surfaces of which consist of studded plates which grip and crush the rock.
In the more recently designed Edison rolls there are provided at two diametrically
opposite points on one roll a row of ‘‘sluggers,” or unusually high knobs, which shatter
large rocks sufficiently to bring their size within the angle of grip of the rolls. The
capacity of the larger sised Edison rolls is so great that quarry stone up to 7 feet in
thickness may be handled.

Dryers. The type of dryer used in cement mills almost exclusively is the rotary
dryer. This device consists of a cylinder, 5 to 7.5 feet in diameter, and 40 to 60 feet
long, set on a slight inclination, and rotated slowly on roller bearings. The material
fed in at the upper end passes slowly through to the discharge end by gravity. Often
the interior wall of the dryer is provided with angle irons bolted on parallel to the axis
of the cylinder for the sake of facilitating the drying process by lifting and dropping
the material as the cylinder revolves. The dried material escapes from the lower end of
the cylinder into a conveyor or elevator whereby it is transported to the grinding mills.

The rotary dryer is heated either by the direct combustion of fuel in a furnace
located at the lower end of the cylinder, or by the waste gases from the cement kilns.
In either case the hot gases pass through the length of the dryer, escaping up a stack
set at the upper end.

For drying some classes of material which normally carry very high percentages
of water, double-heating dryers are sometimes used. They consist of two concentric
cylinders fastened together and revolved on roller bearings. The inner cylinder con-
nects with a furnace at the upper end and is open at the lower end. A fan blower is
used to exhaust the gases from the annular outer chamber at the upper end, the path
of the gases being therefore down through the central flue and back through the space
between the cylinders. The material to be dried is fed in between the cylinders at
the upper end, and is caught up by flights on the inside of the outer cylinder and dropped
on the hot inner shell. As the cylinder revolves this action is repeated, the drying
being further hastened by the hot gases passing through the outer chamber.

The fuel consumption of the rotary dryer is greatly dependent upon the amount
of water carried by the material and the character of that material. Marls, because
of their high content of organic matter, are especially retentive of moisture. In gen-
eral the fuel requirements of the dryer vary from about 1 pound of coal per 5 pounds
of water evaporated, under the most unfavorable conditions, to about 1 pound of coal
per 7 or 8 pounds of water evaporated under favorable conditions.

Grinding Machinery. Centrifugal Grinders and Ring Roll Mills. The Griffin mill
(Fig. 9) consists essentially of a steel ring or die against the inside surface of which a
heavy steel crushing roll, mounted on a pendulum suspended from a universal joint, is
made to roll by centrifugal force. The pendulum is rotated by a pulley at the top
and the crushing roll is provided with plows which throw back into the grinding zone
the material which has passed the roll into the pit below. The fan mounted upon the
pendulum shaft above the roll facilitates the passage of the sufficiently fine material
through the annular screen placed just above the grinding zone.

The three-roll Griffin mill or Bradley mill is a modification of the usual Griffin
mill, resembling it in every respect except that the single crushing roll is replaced by
three rolls.
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The Huntington mill (Fig. 10) is somewhat similar to the three-roll Griffin mill.
Three heavy crushing rolls are freely suspended from a circular revolving spider. As
the head revolves the rolls swing outward through the action of centrifugal force, press-
ing against an annular die-ring of steel.

The Raymond impact pulverizer resembles the Bradley and Huntington mills
except in its detail design.

The Kent mill (Fig. 17) and the
Maxecon mill, which latter is simply
an improved machine employing ex-
actly the principles of operation of
the Kent mill, are ring-roll mills which
in some respects resemble the Griffin
and Huntington mills, but which
employ powerful springs instead of
centrifugal force for the grinding
pressure. Three convex-faced rolls
are mounted on equidistant hori-
zontal axes within the grinding ring.
One roll is power driven, and this ro-
tates the ring by traction, the latter
in turn rotating the other two rolls.
The output of the mill is separated
by an auxiliary sifting mechanism,
the mill itself having no separating
device, and the coarser portion is

Fia. 17. — Kent Mill. returned for further grinding.

The Sturtevant ring-roll mill op-
erates in a manner similar to the Kent mill except that the die is positively driven and
not through traction by one of the rolls.

The class of mill in which a number of balls are driven around a horizontal annular
die is a special type of ring-roll mill. The Fuller-Lehigh mill (Fig. 8) is perhaps the
best-known mill of this class. Four balls, weighing 100 pounds each, are impelled
around the grinding ring at a speed of 600 feet per minute, by arms secured to a vertical
spindle. They press against the grinding ring through centrifugal force. The material
is fed into the center of the mill, forced by a fan into the grinding chamber, and the
fine material expelled through sieves protected by grids.

Rotary Attrition Mills. Ball Mills, Kominuters, and Tube Mills. The ball mill
(Fig. 5) is a short drum rotated at a rate of 20 to 30 revolutions per minute about a
horizontal axis, the interior surface being so formed that it consists of a series of steps.
The drum contains a number of large steel balls which roll and fall from step to step,
thereby crushing and grinding the material fed in through one axis. The stepped
plates are perforated, and the material, when sufficiently ground, passes through the
perforations onto a screen and finally onto a sccond screen. The particles too coarse to
pass the screens are returned to the grinding chamber through the openings between
the overlapping grinding plates. Material which passes the screens will escape into the

“hopper below and thence to the conveyors.

The kominuter (Fig. 6) is a modification of the ball mill, the principal point of
difference being that the grinding plates are not stepped or perforated and the material
must pass the length of the drum to an outlet provided at the further end, where it
drops on a screen outside the grinding plates. These screens, being conically shaped,
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glope toward the inlet end, and discharge the over-sized material back into the drum at
the center of the inlet end. The material sufficiently ground escapes in the same manner
a8 in the case of the ball mill. '

The tube mill (Fig. 7) resembles the ball mill and kominuter in that it is a rotating
cylinder partially filled with an abrasive agent. The tube mill is, however, much
longer than the ball mill or kominuter. It is usually employed for final reduction of
the product of mills of another type. '

The tube mill consists of a steel cylinder, 5 to 6 feet in diameter, and 20 to 22 feet
long, lined with hardened plates or hard natural stone and mounted on trunnions
about which it is slowly revolved at a rate of 25 to 30 revolutions per minute. The
abrasive charge usually consists of flint pebbles which fill it approximately to the axis
of rotation. The material is fed in through a hollow axis at one end, and either escapes
in a gimilar manner at the opposite end through a hollow axis and screens, or is allowed
to escape through gratings at the periphery of the discharge end. Steel balls are
occasionally substituted for flint pebbles as the abrasive agent. The fineness of grind-
ing is regulated by the rate of feed, and the capacity for a 5 by 22-foot mill is about
12 to 20 barrels per hour ground to pass 95 to 98 per cent through a 100-mesh sieve.
The wet tube mill differs in no essential respect from the dry-tube mill except that the
discharge is usually through a screened drum located axially, rather than through
perforations located on the periphery of the discharge end.

The Edge Runner Mill. The edge runner mill (Fig. 15) consists of a shallow cast-iron
pan in which a pair of wide-tired cast-iron rollers revolve by traction as the pan is
rotated, or else the central vertical shaft, which carried the rollers on cranks at right
angles to its axis, is itself rotated, the pan being stationary. This latter type is less
common. The edge runner mill may be arranged to work with either wet or dry
material provided only that the material be of a not too refractory nature. The mate-
rial is fed into the pan in front of one of the rolls and, after passing the roll, is diverted
by scrapers to the perforated plates which surround the pan, then by scrapers again
diverted to the pan in front of the other roll, and so the process continues, the size of
the output being dependent upon thé perforations of the plate, usually being not much
under } inch, though sometimes under ; inch. The output of }-inch material for a
5-foot roll machine working on shale is about 6 tons per hour. The millstones, the
rock-emery mill, and the other types of grinding machinery used in the wet process
with marl and clay have been described above.

23. Cement Kilns. Early Kilns. The carliest type of kiln used for cement
burning both in Europe and America was an upright stationary-shaft kiln called a
dome kiln or “bottle” kiln, which closely resembled the kilns used for lime burning
The fuel and the raw slurry molded into bricks were charged in at the top and the clinker
was withdrawn at the bottom, the process being intermittent.

The first efforts to improve the efficiency of the dome kiln were in the direction of
utilization of the hot waste gases of the kiln for the drying and preheating of the raw
material. The Johnston kiln attempted to make this saving by a simple arrangement
whereby the waste gases of the kiln were led through a long flue within which the
briquetted material was sorted and dried. The kiln was still wasteful of fuel in conse-
quence of the fact that its operation was intermittent.

The Hoffman or ring kiln was next utilized in the cement industry. It is very
economical of fuel, but requires an excessive amount of skilled hand labor in molding
the bricks and charging the kiln.

The next step was the development of shaft kilns which consist of a long vertical
flue terminating in a stack, the lower portion of which serves as a preheating chamber
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for the dried slurry briquettes which are charged with the fuel. A chamber below the
preheating chamber serves as a combustion chamber, and the lower portion serves as a
cooling chamber for the clinker, the incoming air for combustion being heated there-
by.

The shaft kilns are very economical of fuel, but they all suffer under the disad-
vantage of requiring the briquetting of the raw material and the sorting out of the
under-burned and over-burned clinker by hand. The shaft kiln has been replaced by
the rotary kiln.

The Rotary Kiln. The modern rotary kiln (Fig. 11) consists of a cylindrical steel
shell lined with refractory material and supported on rollers, its axis being slightly
inclined from the horizontal. It is revolved on its bearings by a variable speed trans-
mission; its upper end projects into the chimney foundation, which also serves as a
dust trap; its lower end enters a movable hood adapted to the discharge of clinker
and the entry of fuel and air. Pulverized coal injected by an air blast is most commonly

used as fuel, although crude oil is used in some plants.
Y/ The first rotary kiln was patented in 1885 in England
by Ernest Ransom. It was first made a commercial suc-
cess in this country, however, the fuel used being petro-
leum. The use of powdered coal as a fuel was introduced
in 1895.

Rotary kilns in use to*day vary in size from 60 feet
long and 5 feet in diameter to 240 feet long and 12 feet
in diameter. Present practice favors the use of the longer
kilns, and few are now installed less than 150 feet long
by 10 feet in diameter. The kiln is inclined at a pitch
varying from } to % inch per foot of length, and is sup-
ported by rollers bearing on wide steel tires at from two
to five points in the kiln length, the number of supports
depending upon this length. Two or more horizontal thrust
rollers keep the inclined kiln in place on its bearings. In
general the rate of rotation is from one-half to two revo-
lutions per minute. The rate of revolution depends upon
the slope of the kiln and the nature of the raw material.

The lining of the kiln is usually a highly refractory
magnesite or bauxite brick. The thickness of the lining
is variable, being usually from 9 to 12 inches at the lower
\ and hotter end, and 4 to 6 inches at the upper end. In
some kilns burning wet slurry the upper part of the kiln
is left unlined. The brick are keyed to fit the circle of
the kiln, and are held in place by the heavy angle iron
which encircles the inside of each end of the kiln.

1 The hood at the lower end of the kiln is usually

Fig. 18. mounted on a movable carriage, and the masonry of its

Vertical Clinker Cooler,  front wall is provided with two openings, one for the en-

trance of the burner apparatus, the other for observation

of the operation of the kiln and the insertion of bars for breaking up rings of clinker
and making minor repairs to the lining.

The lower part of the hood is left partly open %o allow the escape of the clinker,
which is either diverted to one side into cars, or falls directly onto conveyors. This
opening also serves as an air inlet.
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4. Clinker Cooling Equipment. Equipment of PFinishing Mill. Many of the
older plants use an upright gravity cooler (Fig. 18) consisting of a cylinder about 8
feet in diameter and 35 feet high, provided with baffle plates and shelves. The hot
clinker is discharged into an elevator pit, where it is sprinkled with water; the elevator
discharges it into a hopper at the top of the cooler, whence it falls down over the series
of baffles, where it encounters air currents introduced through a perforated vertical
pipe in the center of the cooler. A hopper at the base discharges the cooled clinker to a
conveyor.

More modern mills employ a rotary cooler which consists of a steel cylindrical
shell mounted on rollers in a slightly inclined position and rotated slowly in & manner
similar to the operation of the rotary dryer. The rotary cooler is often mounted as an
under-cooler directly below the kiln for convenience in direct discharging of the clinker
from the kiln to the cooler, the cooling air being drawn into the kiln. The cooler lining
consists usually of cast-iron plates bolted to the shell, and shelves are usually provided
as in the dryer for the purpose of lifting the material. Water to help cool the clinker
is sometimes introduced at the upper end of the cooler and perforations in the shell
during the lower 3 feet of its length, 1} to 2 inches in diameter, screen the material
roughly. An angle iron with the flange projecting inward at the discharge end of the
cooler forces the material to escape only through the perforations.

Sometimes the rotary cooler is mounted separately from the kiln, and in such an
event it is not usually used to preheat the air for the kiln, but the current of air is
drawn through by a stack or blown through by a fan.

The grinding equipment of the finishing mill is usually a duplicate of that used in
the raw material mill.

Properties and Uses of Portland Cement

\125. General. The value of cement as a structural material depends
primarily upon its mechanical strength when hardened. The condi-
tions met with in practical use are, however, so variable as to exclude
the possibility of the establishment of standards based directly upon
practical experience.

The establishment of the existing standards for physical and mechani-
ical properties has for its object the fixing of values readily determined
in the laboratory, for cements found satisfactory in practice, therefore
the results of laboratory tests.of cement cannot be considered to repre-
sent the properties of the material under working conditions, the quan-
titative results obtained having only a relative value.

The physical properties so utilized for comparative purposes are:
specific gravity, fineness, time of setting, and soundness. The mechan-
ical properties similarly used are the tensile and compressive strengths
of neat cement and sand mortars.

26. Composition of Portland Cement. A study of a large 'number
of analyses of commercial cements reveals the fact that the range in
possible composition is comparatively limited. The following table,
which is a summary of detailed analyses of eighty samples of American
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Portland cement (representing forty-three brands) quoted by Eckel,
gives the extent of possible variations.

Avi of 80 :.amplu. Aveugg;l’n%"h:ghut A m‘::ds,.bm
er cen!
Component. Per cent. Per ceut.

Actusal. Equiv. Actual. Equiv. Actual. Equiv.
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1.8 | ....... 3.34 | ....... 0.45
65.14 | (66.66) | 68.27 | (68.40) | 61.77 | (64.80)
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27. Setting and Hardening. When a true hydraulic cement is gauged
with sufficient water and then left undisturbed it soon loses its plas-
ticity and finally reaches a state when its form cannot be changed without
producing rupture. This change in condition is known as the ‘“ setting
of cement and has usually been considered somewhat distinct from
‘“hardening.” Setting usually takes place in a few hours or even minutes,
while hardening may proceed for months or even years.

SpEcIFIc GRAVITY

\ 28. Significance. The significance of the specific gravity of a cement
was formerly considered to be its usefulness ‘“in detecting adulteration
and under-burning.” More recently, investigations have shown that
the principal factor influencing specific gravity is the degree of season-
ing of cement. Specific gravity tests will not detect under-burning;
and will only detect adulteration in the case of a few classes of adulter-
ants. Its importance may, therefore, be considered to be very limited.

29. Specification and Results of Tests.* ‘‘The specific gravity of
Portland cement shall be not less than 3.10. Should the test of cement
as received fall below this requirement a sccond test may be made upon
an ignited sample.”

Experiments made by members of the Association of American
Cement Manufacturers gave an average of 3.14 for the specific gravity
of under-burned cements, and 3.18 for that of hard-burned cements.
Few freshly made American Portlands will be found outside these limits.

*Specifications for cement herein cited are, unless otherwise noted, those of the
American Society for Testing Materials adopted 1916.
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30. Influence of Thoroughness of Burning on Specific Gravity.
Until a few years ago the specific gravity of a cement was considered
a valuable indication of under-burning. Experiments have shown, how-
ever, that the specific gravity of under-burned cements is only very
slightly below that of normally burned cement. Experiments made by
Meade upon clinker with varying degrees of burning gave the following
results:

Very soft under-burned clinker. . ............cccevvvnnennnen. 3.208
Slightly under-burned clinker. . ...................c.coieeet. 3.222
Normally-burned clinker. . .. ..........cciiiiiiierennnnn. 3.214
Very hard-burned clinker. .............c.ccoivviiiinnnnnnnnn. 3.234

These values all appear high in consequence of the fact that the
clinker was ground and tested as quickly as possible after burning, thus
preventing the usual lowering in specific gravity by the absorption of
carbon dioxide and water from the air.

31. Influence of Adulteration on Specific Gravity. The substances
most readily available and practicable for adulteration of Portland
cements in this country are natural cements, limestones, clay, slaked
lime, slag, sand, and natural volcanic tufa.

Natural cements will lower the specific gravity of the blend in direct
proportion to the specific gravity of the natural cement used. Cement
rock and limestones could not possibly be used without detection in
amounts exceeding 10 to 15 per cent. Clay or slaked lime would simi-
larly be detected if used in more than very small amounts. Slag, having
a specific gravity of about 3.0, can be used in very large amounts without
detection through excessive lowering of the specific gravity of the blend.
Voleanic tufa has been used in the plant operated by the city of Los
Angeles in connection with the construction of the Los Angeles aqueduct.

The specific gravity of an ignited sample of cement is invariably higher
than that of the original sample, so that the retest provided for in the
second clause of the specification will give no indication regarding adul-
teration. The loss on ignition will serve to detect the presence of an
adulterant only in the event of adulteration by addition of raw materials
after calcination.

32. Influence of Seasoning on Specific Gravity. The absorption of
carbon dioxide and water from the air, which begins as soon as the
clinker Jeaves the kiln and continues as the clinker is ground and the
cement stored, results in a material lowering of the specific gravity of
cement. Meade quotes the following tests, which show the effect of
seasoning upon specific gravity of cement. It will be noted that in
each case the loss due to seasoning is regained upon ignition.
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EFFECT OF SEASONING UPON SPECIFIC GRAVITY OF CEMENT

Bample No..................... 1 2 3
Condition. Drisdat | Not dried. | Driedat | Not dried. | Priedst | Not dried.
|
Freshly made........... 3.19 3.21 3.16
After 28days........... 3.16 3.11 3.18 3.12 3.14 | 3.10
After 6 months.......... 3.13 3.08 3.09 3.04 3.12 3.08
Ignited................. 3.18 3.21 3.18
| | |
Bample No..................... 4 5 Average.
Condition. Drisd at | Not dried. | Dfiedat | Not dried. | Pried 8t | Not dried.
Freshly made. .......... 3.15 3.20 ’ 3.182
After 28days........... 3.12 3.09 3.14 3.08 3.148 3.100
After 6 months. ........ 3.09 3.03 3.09 3.04 3.104 3.064
Ignited................. 3 .|15 3 | 19 3 ‘I182

~83. Summary and Conclusions. Low specific gravity may be caused
by adulteration in large amounts; it is not indicative of under-burning;
it is indicative of the degree of seasoning. Since seasoning is in general
considered desirable for all Portland cements, it is not advisable to reject
any cement upon the basis of failure to come up to the specified value of
specific gravity unless the history of the cement and its manufacture is
known.

FINENESS OF GRINDING

84. Significance. Many experiments have shown that the coarser
particles of cement are inert. Even the sieve having 300 meshes per
linear inch is not fine enough to pass only active material. This material
can be separated out only by some suspension method which retains
only the finest impalpable powder or “flour.”

“In general, the strength of concrete increases with the fineness of a
given lot of cement, for all mixes, consistencies, gradings of the aggre-
gate, and ages of concrete. There is no necessary relation between the
strength of concrete and the fineness of the cement, if different cements.
are considered.” *

- 36. Specification and Results of Tests. ‘‘The residue on a standard
No. 200 sieve shall not exceed 22 per cent by weight.” Very fine cements

* Effect of Fineness of Cement. — Duff A. Abrams. Proc. A. 8. T. M., 1918.
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will leave a residue of about 2 per cent on the No. 200 sieve while cements
of average fineness leave 10 to 15 per cent.

The percentages of cement
for sizes finer than the No.
200 sicve can be found by AT \ . :
the use of the air analyser \ [ ) .
developed by the Bureau \ i ' < !‘\
of Standards (Fig. 19). 1 ' / 3 ' S0
The sample of cement
placed in the bulb at the }
base of the tube is agitated L =
by a jet of air through a
glass nozzle. The fine part |,
is blown up the tube into ’fJ
the container at the top.
A larger size nozzle sub- !
stituted will blow out the |
coarser material in turn. I
If these nozzles are standard- | o ‘ = -
ized it is possible to separate I ‘
the fine particles or flour into h
many sizes. . n

36. Influence upon
Soundness. It has usually
been considered that fine
grinding improves the soundness of a cement. The extent of the im-
provement is slight, however, and not such as to justify extremely
fine grinding for the sake of improved soundness alone. Meade
cites experiments which show that in some cases an unsound cement
is made sound by grinding to an impalpable powder; in the majority
of cases, however, soundness was attained only by seasoning following
fine grinding, making it appear that the beneficial effect of fine grind-
ing is only indirect, in that it affords additional opportunity for
seasoning.

37. Influence upon Setting Time. In general, increased fineness of
grinding has the effect of making a cement more quick setting. High-
alumina cements have their setting time most affected by fine grinding,
30 that in general the higher a cement is in lime, the more finely it may
be ground without reducing the setting time unduly. Extremely fine
grinding, or separation of the cement so that the flour is obtained, pro-
duces a cement whosg set is almost instantaneous. (Flash set.)

I
o s
g

F1G. 19. — Air Analyscr.
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Fig. 20 illustrates the effect of increased fineness upon the time of
set.

38. Influence upon Neat and

Mortar Strength  Experiments

~TIT  have shown that fine grinding of

cement usually lowers the neat

strength. On the other hand the

1906~ .
g: { : sand-carrying capacity and mortar
:m ' strength of a cement are very
gi” considerably increased by finer
10 g’nding

110 39. Summary and Conclusions..
%5 100 .

w0 The maximum degree of fineness
g% compatible with reasonable man-

ufacturing costs is desirable The

strength, except in neat tests, is

greatly increased . and the sand-

carrying capacity and mortar

strength very materially increased

Fuo 20— nfvence o Finenes of 1 i A, 2 B

Grinding upon Setting Time of .

Cement. (Meade ) shortened, but this effect may be

lessened and injury in this respect

prevented by making the cement as high in lime as is possible without
endangering soundness by the presence of excess free lime.

- 85 . .-
Percent Passing a 200-Mesh Sleve

TIME OF SETTING

40. Significance. The rapidity with which a cement sets is simply
a criterion by which its suitability for use under given conditions may
be established. Absolutely no analogy can be traced between the
rapidity with which a cement sets and the strength it will ultimately
develop. A cement to be used in submarine construction, for instance,
should be quick setting, while a cement to be used under circumstances
where rapid handling and deposition in the forms without delay is im-
possible, may be slow setting.

41. Specification and Results of Tests. *The cement shall not
develop initial set in less than 45 minutes when the Vicat needle is used
or 60 minutes when the Gillmore needle is used. Final set shall be
attained within 10 hours.”

So many factors influence the time of setting, such as temperature,
amount of water used in gauging, presence of sulphates, etc, that no
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general statement can be made as to the rate of setting of Portland
cements. In general, the higher the temperature the shorter the time
of set will be. o

The percentage of water used to gauge cement influences its time of
set to a very marked degree, a wet mix setting much more slowly than a
dry mix. It is on this account that tests for time of set are always
made with a paste possessing a standard degree of plasticity (i.e., a
normal consistency mix).

 The addition of lime sulphate to the clinker before grinding is ab-
solutely necessary in order to retard the set sufficiently to pass the
requirements of commercial use. The addition of 14 to 3 per cent of
.plaster of Paris or gypsum retards the set, and further additions beyond
this point of maximum retardation have the opposite effect.

42. Influence of Seasoning. The effect of seasoning upon the set-

ting time of cement is a source of considerable difficulty for the cement
manufacturer. Freshly made cement which is found to be slow setting
is frequently found after a few weeks’ seasoning to have become quick
setting. Conversely, some cements, originally quick setting, become
slow setting after seasoning. The latter case is usually less serious than
the former, as the cement will probably still be suitable for marketing.
In the case of the cement which becomes quick setting upon storage the
cause of the difficulty is apt to lie in the composition of the cement and
may usually be remedied by increasing the lime content.
" 43, Summary and Conclusions. The time of set is often an im-
portant consideration in the choice of a cement for a particular purpose,
and on account of the effect of storage upon the setting time the test
should preferably be made after delivery of the cement on the work.
The effect of temperature and the percentage of water used in mixing as
well as the humidity of the air, is so marked that the determination of
the setting time must always be made with extreme care under stand-
ardized conditions. ’

SouNDNESS

44, Significance. Soundness in a cement implies the absence of
those qualities which tend to destroy its strength and durability. The
importance of soundness is second to that of no other property of cement.
If a cement is ultimately unable to withstand the disintegrating influence
of the medium, air or water, in which it is placed, the development of a
high degree of strength at the ages usually tested is of no value.

“ Unsoundness” is manifested by a lack of constancy of volume, dis-
integration being caused almost entirely by expansion occurring after
the cement has set.
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Since any amorphous hydrate shrinks during drying and expands
when wet, it is evident that this behavior on the part of the amorphous
hydrated constituents of gauged cements must cause shrinkage of neat
cement in air and expansion in water. These changes in volume are very
much lessened by mixing with inert material as in sand mortar, the degree
of volume change being dependent upon the richness of the mortar. The
result of the desiccation of the cement is the appearance of fine hair-
cracks on the surface of cement or rich mortar used as a plaster or top
coat. These fine hair-cracks should not be taken to be an indication
of defective cement, but their appearance simply is an indication of the
use of too rich a mixture.

“Unsoundness’’ is due to disruptive action caused by crystallization
of certain of its constituents. The principal constituent so involved is
lime present in the free state.

The presence of free lime in the cement may be due to an excess of
lime in the composition of the cement; failure to calcine at a tempera-
ture sufficient to combine all the lime present with the silica and alumina;
or failure to grind the raw materials sufficiently fine and mix sufficiently
well for the lime to enter combination. If this lime were simply present
in its usual condition as an amorphous substance it could never be held
responsible for the phenomena exhibited by an unsound cement, because
it would become hydrated immediately upon contact with the gauging
water and its expansion would be harmless because it would have taken
place before setting had begun.

The presence of excess dehydrated magnesia may also be the cause
of unsoundness. In this event unsoundness will be observed after a
much longer period, since magnesia which has been highly heated re-
mains inert for a long time before undergoing hydration. A long series
of experiments following the discovery that the cements involved in
several disastrous failures of structures in Europe were very highly
magnesian, proved that the addition to cement of highly calcined mag-
nesia produced enormous expansion, while light calcined magnesia was
without influence on soundness because of the rapidity with which it
became hydrated. In recognition of the effect of strongly calcined mag-
nesia upon the soundness of cement the standard specifications of all
countries limit the amount of magnesia to about 5 per cent. '

The presence of excess sulphates is also thought to be the cause of
unsoundness. The expansion is not due in this case to the hydration
of lime sulphate, but is attributed to the formation of calcium-sulpho-
aluminate, which is dangerous only in large quantities. The standard
specifications limit the SO; to 2.00 per cent.
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4B. Specification. ' “ A pat of neat cement shall remain firm and
hard, and show no signs of distortion, cracking, checking, or disintegra-
tion in the steam test for soundness.” The pat should be about 3 inches
in diameter, } inch thick at the center and taper to a thin edge. It is
stored 24 hours in moist air and then placed in an atmosphere of steam
above boiling water for 5 hours. Former specifications required also
two more pats, one of which was kept 28 days in moist air, the other 28
days in water at 21° C. (70° F.).

46. Influence of Seasoning. Since unsoundness is primarily due to
presence of free lime in cement, exposure to the air will often produce
soundness by the conversion of the lime into carbonate of lime or lime
hydrate through the agency of the carbon dioxide and moisture always
present in the air. Cement originally unsound may sometimes be
rendered sound by aération. Cements which check when tested freshly
ground often become sound upon seasoning.

47. Influence of Fineness. Free amorphous lime may probably be
so coated with clinker as to be protected from aération to a large extent,
and similarly protected from the water used in gauging for some time,
with resultant ultimate unsoundness if such particles of clinker-coated
lime are not broken up by fine grinding. Increased fine grinding there-
fore will often promote soundness in a cement that will not season sound
without fine grinding, but the fine grinding should probably be regarded
as beneficial only indirectly, in that it makes possible more complete
aération.

48. Effect of Sulphates. The primary effect of sulphates added to

cements is greatly to delay the time of setting. Their addition in small
" percentages does result in appreciable improvement in soundness, as
determined in the steam test, but it is probable that here again the effect
is only indirectly due to the sulphates, the set being delayed by the latter
till the free lime has become hydrated with no resultant evidence of un-
soundness. This view is strengthened by the fact that many cements
which successfully pass the steam test fail in the air test.

49. Summary and Conclusions. Soundness is the most essential
property of cement. Its absence is manifested by cracking and dis-
integration after cement has set, due to the disruptive force caused by
the expansion of certain of its constituents. Soundness is promoted by
thorough seasoning, by fine grinding of the raw material and clinker, by
keeping the magnesia low and by not exceeding the percéntage of sul-
phates necessary to retard the set sufficiently.
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TENSILE STRENGTH

AN

~ 50. Significance. The tensile strength of cement is in itself of very
little importance, because cements are rarely depended upon to with-
stand tensile stresses. The significance of tensile strength as revealed
by laboratory tests is therefore limited to the assumption that there
exists a fixed relation between tensile strength, compressive strength
and soundness. The assumption is often made that the tensile strength
of neat cement bears a more or less close relation to the strength of mor-
tars under the same character of stress. )

A relation between tensile strength and compressive strength can
be established, but it is by no means a constant relation at all ages and
it also varies greatly with different cements, and with different mixtures.
There is no ground for concluding that a high tensile test of cement at
the usual age of testing indicates soundness; often, in fact, it affords
ground for the opposite conclusion. The neat tensile strength is no
indication of the strength of the cement in mortars and concrete.

- b1. Neat Cement. Tests of tensile strength are dependent upon a
great many factors which influence the accuracy of the results. Perhaps
the greatest of these is the personal equation. In addition to the dis-
turbing personal factor, tensile strength is greatly influenced by the
amount and the temperature of gauging water, the method of mixing
and molding in general,
the temperature and
humidity of the air, the
form of briquette, the
design of the testing
machine and the grips,
and the manner of stor-
age of the briquettes prior
to testing. All of these
factors have to do with
testing operations. The
actual tensile strength,
the conditions of testing
Fia. 21. — Tensile Strength of 7 Portland Cements being considered constant,
Neat. (Structural Materials Laboratory Tests.) is dependent primarily
upon the composition of
the cement; secondarily, upon the temperature of burning, and the
fineness of grinding. Fig. 21 shows the average tensile strength,
neat, of seven representative brands of Portland cement.

62. Influence of Lime Proportion on Tensile Strength. An increase

in the proportion of lime yields a stronger cement until a point is passed

)
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beyond which further additions mean the presence of excess free lime
with consequent unsoundness. High-limed cements which are still per-
fectly sound are slow setting, but attain their maximum strength early,
sometimes showing retrogression in tensile strength after as short a
period as seven days and usually showing retrogression after longer
periods.

This retrogression is not noted, however, in compression tests, and
it appears possible that the low tensile test results are due to the brittle-
ness of such cements and the difficulties in the way of so gripping the
briquettes as to make the stress a pure tensile stress.

63. Influence of Temperature of Burning on Tensile Strength. The
temperature of burning affects the tensile strength chiefly indirectly,
in that the temperature of burning must be high for high-limed cements
and therefore high for cements of high tensile strength. Under-burning
will result in weak cement, but over-burning probably has no injurious
effects so far as the quality of the product is concerned.

54. Influence of Fineness of Grinding upon Tensile Strength. Fine
grinding is not beneficial to neat tensile strength, but materially improves
the strength of mortars.

TENSILE STRENGTH OF SAND-CEMENT MORTARS

~2Bb6. Significance. The discussion regarding the significance of ten-
sile tests of neat cement largely covers the subject of tensile tests of mor-
tars. If tensile tests of cements must be depended upon, the briquettes
should be mortar briquettes, since in the neat tests one of the most
important properties of cement, the ability to adhere to the surfaces of
foreign particles and masses, is not determined.

~$6. Specification. “The average tensile strength in pounds

square inch of not less than three standard mortar briquettes composed
of one part cement and three parts standard sand, by weight, shall be
equal to or higher than the following:

Ago at teet, days. Storage of briquettes. ﬂgn:mnﬁh'
7 1 day in moist air, 6 days in water 200
28 1 day in moist air, 27 days in water 300

“The average tensile strength of standard mortar at 28 days shall
be higher than the strength at 7 days.”

“The sand to be used shall be natural sand from Ottawa, Ill., screened
to pass a No. 20 sieve and retained on a No. 30 sieve.”
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- The amount of water used in gauging mortar for briquettes is very

S

trength Lbe. ~8q. In,
g

Age In Days

carefully standardized
and is based upon the
water necessary to bring
the neat cement to nor-
mal consistency.

The average tensile
strength in 1:3 stand-
ard mortar of the same
seven brands of cement
whose average neat
strength was noted in
Art. 51 and Fig. 21 is

Fia. 22. — Tensile Strength of 7 Portland Cement shown by the curve of
Mortars 1 :3. (Structural Materials Laboratory Tests.) Fig. 22.

“57. Effect of Fineness. of
Sand upon Mortar Strength.
The size and granulometric
composition of a sand have a
marked influence upon the
strength of mortars. The
relation between fineness of
sand and tensile strength of
mortars is shown in Figs. 23,
24 and 25, which are plotted
from tests made on 1: 1,

Fia. 23. — Effect of Fineness of Sand upon Tensile 1°2, and 1:3 mortars in the
Strength of 1: 1 Mortar. (Tests of R. P. Davis.) laboratories of the College

2 & & &

Tensile Strength Lbe.,/8q. In.
8

B R 8

Asc“l; Days
Fia. 24. — Effect of Fineness of Sand upon Textile
Strength of 1 : 2 Mortar.

of Civil Engineering, Cornell
University.

58. Influence of Mica in
Sand upon Tensile Strength
of Mortars. The detrimental
effect of the presence of even
small percentages of mica
added to 1:3 mortars made
with standard Ottawa sand is
shown by the curves of

, Fig. 26.

“This loss of strength,
which is very considerable

even if there is only a slight amount of mica present, is due to two
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causes: first, because of its irregular shape the percentage of voids is
increased, and second,

on account of its smooth ’”i' By _\l,z‘“ - .y
surface which prevents ml:_ L™ mmy, s s
proper bonding.” du e e
69. Influenceof Clean-  L/{ /Ll fopot—rrrrm :
liness of Sand upon g’“’l /¢t ARERRITT) muEe Rt Rl e
Strength. Sand used § ENiiREmmsnEsaaEE T
for structural purposes & TP L I ]
is never really clean % / 'J -
unless washed on the = [3f T
work, and the import- N T 'r
ance of this factor sl — EEEE T %
should be fully recog- Age In Days

nized in concrete con- F19- 25.— Effect of Fineness of Sand upon Tensile

struction. ~ The char- Strength of 1:3 Mortar.
acter of the impurities in sand is more important than the amount. If
largely vegetable loam, the danger is in direct proportion to the
"~ " amount of organic mat-
ter in the loam or silt.
Experiments made by
C Mr. Sanford E. Thomp-
son led to the conclusion
R that to be injurious the
organic matter must
constitute over 10 per
~~{ 1, ? cent of the silt and at
the same time over 0.1
per cent of the sand.

If the impurities in
oPercenhgeat)IMlcaln'}.“:srmsotWelfghtome: sa.nd are of a mmera.l

Fia. 26.— Effect of Mica in Sand on Tensile Strength Character, SEUCh as clay,
of 1:3 Mortars. (Willis.) the effect is dependent

upon its state of sub-
division and the uniformity with which it is distributed through the
sand. In most laboratory tests the addition of clay has been found to
be harmless and often beneficial up to a certain limit. This limit has
usually been found to be from 5 to 10 per cent of the sand.

The results attained in laboratory tests should not be taken to indi-
cate that similar percentages of clay will be beneficial or harmless in
naturally clayey sands used in practice for concrete or mortars. The
manner of distribution and degree of fineness of the clay will be the deter-
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mining factors, and the amount permissible will in general not
approach the above
limits.

60. Effect of Addi-
tion of Hydrated Lime
to Cement and Mor-
tars. The addition of
hydrated lime in small
percentages to cement
and mortars usually
has a very appre-

Tensile Strength,Lbe. ner Sa. In.
H-EE2EEEE 5N

ciable effect upon the re-
‘< sultant tensile strength
$Comeat 95 9 ® %0 ) -n shown by tests. The

F1a. 27. — Effect of Hydrated Lime on Tensile Strength f Fig. 27 illus-
of Portland Cement and Mortars. (Gardner.) eurves o . .lg.. us
trate the injuriouseffect

in the case of neat cement and the slightly beneficial effect, in amounts
up to 15 per cent, in the case of 1: 3 mortar using standard Ottawa
sand.

Investigations of the effect of additions of lime hydrate upon the strength
of cement mortars have -
not invariably shown » ’ o
that additional mortar
strength is attained.
Tests made by H. S.
Spackman indicate that
the addition of 10 per
cent of hydrated lime
has no marked effect
upon either the tensile
or compressive strength ‘ o e
of mortars. C B

The addition of hy- _ AgeinDays .
drate makes a fat, vis- F1a. 28. — Ratio of Compressive to Tensile

A . Strength of Neat Portland Cement.
cous mortar in which the gt

sand and cement will not separate to as great an extent as when Port-
land cement is used with sand alone. This tends toward the production
of a mixture of greater uniformity and with less voids, therefore securing
a mortar of more uniform strength. Hydrated lime is an excellent
waterproofing substance for incorporation in mortars and concrete.
61. Relation between Tensile and Compressive Strength. The
existence of a more or less definite and constant relation between the ten-
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sile strength and the compressive strength of cement has been often
asserted. Such a relation is the only reason for the adoption of tensile
strength as a criterion of the value of a material for use in situations
?vhere it will be sub- | . . T

jected only to compres-

sive stress. 1 ‘

The results of tests ‘
made in the Structural
Materials Laboratory at
St. Louis, Mo., shown
in Figs. 28, 29 and 30 o |
for neat cements and for i ‘ ‘

1:3 mortars give an T ‘ E}
increase in the ratio of ‘ ‘
strengths with the age. e

These curves support Fyq, 29— Ratio of Com;r:;;:'): o Tensile Strength
the opinion that the of 1 : 3 Mortar. (standard sand.)
ratio of compressive to tensile strength of cement mixtures, neat and
mortar, is dependent upon so many factors that the tensile strength
cannot in general be taken to be more than a very approximate indica-

| tion of the probable
| E%— L compressive strength of
. : e the same cement.
u ‘ | ! ]hi ) 32. STens:‘i:le Sh'enrgltlh
——! an oundness. e
g B ‘ ‘ fallacy of the belief,

° often held, that a cement
g" N ‘ which shows up well in
o ! | . } the early neat tests of
E o ‘ ' tensile strength is not

- " apt to fail to meet

O o o S satisfactorily the condi-
08I0 10 0w om0 W tions of structural use,

F1a. 30. — Ratio of Compressive to Tensile Strength through lack of con-

of 1:3 Mortar. (22 natural sands.) .
stancy of volume, is

illustrated by Fig. 31, which is based upon tests made by Mr. W. P.
Taylor. These curves are derived from over two hundred nearly con-
secutive tests of a single brand of Portland cement, one hundred of
them failing in the soundness test, and one hundred passing.

It will be noted that the early strength of the neat tests of those
samples failing to pass the test is much the greater, while the opposite

sth

+H

Compressive Strength
'Ten:_ﬂe Stren
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is true in the case of the mortar
samples.
- 63. Summary, Tensile Strength.
Tensile strength has little signif-
icance as a criterion of the suitability
of a cement for use. The mortar
tests should always be given greater
weight than tests of neat strength,
and compressive tests should always
be made the criterion of mechanical
strength where conditions permit.
Fine grinding increases the mor-
tar strength but reduces the neat
strength.
Mortars are stronger if the sand
. is comparatively coarse; mortars
Ageln Days of greatest density usually show
F‘gt mi%‘t:alizhst;zﬁ;‘:em(l\;"e;dh highest tensile strength; mica in
Taylor.) o sands is injurious to mortar strength;
dirt in a sand is dangerous in propor-
tion to the amount of organic matter present, aslittle as 0.1 per cent having
been found injurious; clay, if finely divided and uniformly distributed,
has been found usually beneficial in laboratory tests, in amounts not
exceeding 5 te 10 per cent; in practice the permissible amount in a sand
may be much lower.

Hydrated lime in small percentages decreases neat strength but may
increase mortar strength slightly.

The ratio of compressive to tensile strength is dependent upon too
many factors to make the latter a safe indication of the probable value
of the former; high tensile strength is no indication of soundness, un-
sound cements often showing high early strength in neat mixtures,
though not in mortars; the ratio of neat to 1: 3 standard mortar strength
is very variable, depending on the percentage of impalpable powder in
the ccment; the rate of increase in tensile strength is dependent upon
the early strength values; a cement testing low at 7 days may show a
high rate of increase at 28 days, and vice versa; retrogression in neat
and also mortar tensile strength at six months is quite general.

COMPRESSIVE STRENGTH

"“64. Significance. Compressive strength is the best criterion by
which to judge the value of a cement. The conditions of testing more
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nearly approximate the conditions met by the material in use than is
the case in any other laboratory test, and the results therefore should have
great weight in the selection of a cement or the determination of quality.

65. Results of Tests. Figs. 32 and 33 show the compressive strength
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Fia. 32. — Compressive Strength F1a. 33. — Compressive Strength of 7
of 7 Portland Cements, Portland Cement Mortars1 : 3
Neat. : Standard Mortar.

of the same seven representative brands of cement, the tests of which

were used to illustrate the typical values of tensile strength.
The discussion under

the head of tensile 4*°

strength has for thef

most part a direct é

application in the con- s,

sideration of compres- 5_

gsive strength. Retro- 3%

gression in the com- 31.«

pressive strength of

neat mixtures or mor-

tars Is very uncommon.

_88. Modulusof Elas-  py, 34 _ Modulus of Elasticity of Cement and
ticity of Cement and Standard Sand Mortars.
Mortars. The modulus

of elasticity of cement and mortars has seldom becn determined. It has
been shown that the modulus is not a constant for a given specimen, but
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decreases rapidly with increased load. In general the modulus is found
to be lower as the mixture becomes leaner, and for a given mixture
increases with age. Fig. 34 gives values of the modulus determined by
tests made at the age of three months for a single brand of cement in
several mixtures. The values given here are slightly higher than the
average cements and mortars show at this age.

67. Shearing Strength of Cement and Mortars. The shearing
strength of mortar is important not only because of the intimate relation
between shearing strength and compressive strength, but because of the
fact that mortars and concretes are often subjected to shearing stress
when used structurally. Very few tests of shearing strength have been
made, however, because of the difficulty found in subjecting a specimen
to a purely shearing stress.

The following table has been prepared from Bauschinger’s report of
tests published in 1879. The specimens used were prismatic in shape,
the cross-section being 2.4 inches by 4.8 inches. The specimens were
stored in water. Each result in the table is the average of ninec tests.
For comparative purposes the tensile and compressive strengths of the
same mixtures are given in the table. All stresses are given in pounds
per square inch.

SHEARING STRENGTH OF CEMENT AND MORTARS

Tension. Compression. Sho'nr.
Mix.
7 day. 28 day. 2 year. 7day. | 28 day. | 2 year. 7 day. | 28day | 2 year.
Neat 224 204 292 1910 2490 | 4680 | 271 346 415
1:3 95 169 272 880 1040 | 3340 | 116 188 375
1.5 64 103 232 537 977 | 2960 77 131 364

) The shearing strength will in general be dependent upon the same
factors as the tensile and compressive strength.

THE ADHESIVE STRENGTH OF CEMENT AND MORTARS

68. Adhesion to Steel. The adhesion of cement and mortar to steel
is important in the consideration of reinforced concrete and the holding
power of anchor bolts, etc., which are imbedded in cement or mortar,
or are grouted in place in drilled holes, Few tests are available to show
the adhesive power of cement and mortars on steel, though many tests
have been made to determine the same property for concretes. The
following data are quoted by Sabin from tests made with an ordinary
river sand.
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Each figure is the average of from five to fifteen tests made when the
mortar was one month old, the imbedded steel being plain round rods.

ADHESION OF CEMENT AND MORTAR TO IRON RODS

Mixture, Neat. 1:2 | 1:8

Average adhesion, lbs. per 8q. in. of contact ......... 313 264 ‘ 111

69. Adhesion to Brick. The adhesion of cement and mortar to
brick is of importance in all brick masonry construction. The following
table has been constructed from a series of tests made by Sabin. In
each case two. bricks were cemented together flatwise with a }-inch mor-
tar joint and pulled apart in tension after a given interval. The speci-
mens were stored in damp sand after the first forty-eight hours, and tensile
tests of the same mortar were made for purposes of comparison on bri-
quettes stored in the same manner. The consistency of the mortars was
rather more moist than normal.

ADHESION OF CEMENT AND MORTARS TO BUILDING BRICK

Tensile strength, pounds per square inch, of mortars contain-
. Age ing parts sand to one cement. .
Adhesion or cohesion. Months.
None. 3 1 2 3
Cohesion................ 1 632 596 580 409 270°
Adhesion............... 1 48 42 24 20 11
Cohesion............... 3 676 728 694 423 325
Adhesion............... 3 64 52 41 24 12
Cohesion............... 6 723 764 679 524 374
Adhesion............... 6 50 56 39 20 14

It will be noted that in general there is a fairly close relation between.
tensile strength and adhesion at all ages, the ratio of adhesion to cohesion
being about 8.6 for neat cement, 7.1 for 2 : 1 mortar, 5.2 for 1 : 1 mortar,
4.8 for 1: 2, and 3.8 for 1: 3, showing that the addition of sand decreases
the adhesion to brick more rapidly than it does the cohesive strength.
Tests made with mortars to which lime paste had been added showed that
the addition of 10 per cent lime increased the adhesive strength 120 to
140 per cent; 16.7 per cent lime, 130 to 160 per cent; 25 per cent lime,
110 to 120 per cent; and 50 per cent lime, 75 to 80 per cent. The addi-
tion of lime increased the ratio of adhesion to cohesion in all percentages,
since only small percentages of lime are even moderately beneficial to
tensile strength and large percentages are detrimental.
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70. Adhesion of Mortar to Various Materials. The adhesion of
mortars to various building materials is & matter of much importance
in construction work, but it has been little investigated. Fig. 35 gives
the results of tests made
by Gen. Wheeler.

o Discs of the material
i concerned were prepared,

« 1 inch by 1 inch square
;u and % inch thick, and

inserted in the center
of the briquette molds,
which were subsequently
| filled with, mortar and
Fia. 35. — Adhesive Strength of Portland Cement. tested in the usual man-

1 part cement, 1 part crushed quartz. (Wheeler, ner In tension.

Report of Chief of Engineers, 1885.) 71. Abrasive Resist-

ance of Cement and

Mortars. This property of cement and mortars is primarily of impor-

tance in the determination of the best mortar for use in the top coat

of concrete floors, walks, and pavements. Resistance to abrasion will

always be dependent not only upon the cement, as regards the tenacity

with which it clings to the sand grains, but also upon the hardness of

the sand used. Abrasion either wears away the cement and the sand
particles or it pulls the sand grains out of the cement matrix.

With soft sand particles the resistance to abrasion with a given cement
decreases constantly as the percentage of sand is increased. With hard
sand grains the abrasive resistance increases as the proportion of sand
increases, until the volume of cement becomes relatively too small to
bind the sand grains together thoroughly. This limit is usually
reached when the mortar contains about two parts of sand to one of
cement.’

72. Permeability and Absorptive Properties of Cement Mortar.
The permeability of mortar is a measure of the rate at which water under
a given pressure will pass through a given thickness of the material.
The absorptive properties of a mortar constitute a measure of the rate
at which moisture will be absorbed when the mortar is exposed in damp
situations or covered with water under negligibly small heads.

Permeablllty is an important consideration where watertightness of
walls, etc., is required and percolation of water is not admissible.

Absorptive properties of a mortar determine its value as a damp-
proofing coat, particularly in the event of its use as a mortar over metal
lath, which must be protected to prevent corrosion. In view of the
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disintegrating effect of expansion and contraction of mortars used as a
plaster, etc., the moisture content should not vary greatly.

The determining of precise information concerning each of these
properties is dependent upon a standardizdtion of methods of conducting
tests. Such standard methods have not yet been adopted, and it is
therefore impossible to quote data as to the absolute permeability or
absorptive power of mortars. Such tests as have been made tend to
show that:

Permeability decreases rapidly for all mixtures with increase in age
of the specimens when tested; permeability decreases considerably
with the continuation of the flow; permeability increases with the lean-
ness of the mixture, the dryness of the mixture, and increased coarseness
of the sand.

Absorption is dependent upon the same factors: it decreases with the
age of the mortar as a rule, but not as rapidly as does the permeability
(especially with the leaner mixtures); it decreases but slightly with
increased richness of the mixtures; and the wetter mixtures are slightly
less absorptive than the dryer mixtures.

73. The Expansion and Contraction of Cement Mortars. Changes
of temperature are accompanied by changes in volume in cement mor-
tars as in other structural materials. The temperature coefficient for
mortars has been found to
be 0.0000099 per degree C.
(0.0000055 per degree F.).

Other volume changes
due to the chemical proc’
esses of setting and harden-
ing, and still others caused
by variation in the moist-
ure content of cement, .
constitute important con-
siderations in the use of
mortars and concrete. Pro-
fessor A. H. White of the
University of Michigan has

made an experimental study . . .
FiG. 36. — Linear-expansion and Linear-contraction

of this question and the” ™ ‘'  fcoent and 1 : 3 Standard Mortar.
following short discussion (Tests of A. H. White.)

is based upon his work.

Fig. 36 shows the average percentage of linear shrinkage of bars of
neat cement kept in air for periods up to four years, and also the aver-
age linear expansion of bars kept in water for three years. Four different
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brands of Portland cement, all passing standard specifications for con-
stancy of volume, were used.

It is evident that in the cagse of neat cement fully one-half the total
expansion or contraction comes in the first month, and there is very
little change after one year. The expansion and contraction of 1:3
mortar was found to be very much less than that of neat cement, and
in general, at the end of one year amounts to from one-quarter to one:
third that of neat cement.

When bars of cement or mortar, after lying in water for three years,
were allowed to dry in air at room temperatures, they gradually con-
tracted till, at the end of two months, they had shrunk not only to their
initial volume, but in most cases showed a considerable further contrac-
tion. When the bars so air-dried were again immersed in water they
recovered in one day 90 per cent of the length they had lost in sixty-five
days’ air drying, and in most cases their length within one month ex-
ceeded that which they showed at three years, before having been air
dried.

Properties of Concrete

74. Compressive Strength. The compressive strength of concrete
is dependent upon many factors
which vary widely. All of the
factors which affect the strength
of cement mortars naturally affect
concrete in a similar manner.
The density, the character and
granulometric composition of the
aggregate, the consistency of the
mixture, the actual mechanical
strength of the stone of the ag-
gregate, and the conditions of
mixing, deposition, and aging all
have a direct bearing upon the
strength of concrete. Thus it is
impracticable to attempt to state
the average strength of given mixes

‘Age tn Months of concrete at definite ages in more
Fi6. 37.—Compressive Strength of Concrete, {hap g very general way. For any
Watertown Arsenal Tests. 12-Inch Cubes. o1y of Jarge extent it is always
desirable to make a series of tests of the actual concrete used, the test
specimens being, whenever possible, molded from the concrete actually
mixed for the work. If this is not possible, the materials employed
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should be used, and the conditions of mixing made to approximate
working conditions as closely as possible.

Fig. 37 gives an approximate idea of the strength of concretes. The
curves express the average results of compressive tests at the Water-
town arsenal of five concretes made from different brands of Portland
cement.

Fig. 38 shows a series of long-time tests of 8-inch concrete cubes of
1:2:4 mix made by Prof. Mills.
The curve is representative of the
results of similar tests’ made with
several different brands of ce-
ment. The slight drop in strength
after long intervals was found
characteristic of practically all
tests. tzm 4

Concrete is usually tested in the i:: -
form of cylinders 8 inches diameter .am
by 16 inches long, or 6 inches diam- 2“‘"”
eter by 12 inches long. 5”

76. Tensile Strength. The ten- ‘giow
sile strength of concrete is a prop- 'gﬁ
erty of limited importance because, & %0
being low in comparison with the e SRELA mm e
compressive strength, concrete is Age in Years
practically never designed to with-  F16. 38. —Compressive Strength of
stand tensile stresses. It will us- i_g‘?’;"rﬁﬁ;m‘g 'I;_'T:c:%ﬁi)e&
ually be found to be more econ- o ’
omical to use steel reinforcement than to depend upon the tensile
strength of concrete.

The character of the workmanship and the materials used will greatly
influence tensile strength, perhaps to an even greater extent than they
affect compressive strength.

The series of tests enumerated in the following table were made by
Prof. Mills upon specimens molded under ordinary field conditions.
The compressive tests were made upon 6-inch cubes and the tensile
tests upon prisms, 6 by 6 inches in cross-section.

(Note that the values of the ratio of tensile to compressive strength
in the following table would have been somewhat lower had the speci-
mens been tested in compression at the same age they were in
tension.)

111
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TENSILE AND COMPRESSIVE STRENGTH OF CONCRETE

Approx. age. . . Ratio of
Quality and mix. Steonieih, bs. | stronath, Ioa, |tecsile strength

Tensile tests. | Compres. tests. per 8q. in. per 8q. in. strength.
1sr Crass 6 Mo. 1 Mo. 2206 278
Limestone 2708 308
1:2:4 2500 253
306
264
267

Average....|............ 2505 278 11.1%
18T CLaASS 6 Mo. 1 Mo. 1069 149
Sandstone 1375 142
1:2:4 1417 133
1722 178
2000 1568
2139 128
153
150
161

Average....|............ 1620 150 9.3%
2p Crass 6 Mo. 2 Mo. 1028 121
Sandstone 1639 114
1:24:5 ’ 972 106
889 158
1042 114
2083 97
1472 179

1889 129 -

1639 139

Average....[............ 1406 129 9.1%

76. Transverse Strength. The transverse strength of plain con-
crete is almost wholly dependent upon the tensile strength. Experi-
ments show, however, that the modulus of rupture is considerably
greater than the strength in tension. The following table represents
the results of transverse strength tests made upon concrete beams 8
inches wide, by 10 inches deep, supported on spans varying from 3 to 8
feet. The materials used were Portland cement, a fairly clean bank
sand of excellent granulometric composition, and crushed trap rock
screened to remove all fragments under } inch and over 1 inch in size.

The tests were made under the direction of Prof. Mills. Each result
is the average of from six to eight separate tests made at an age of about
three months.
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TRANSVERSE STRENGTH OF PLAIN CONCRETE

Mix. Modulus of rupture.
1:14:3 470
1:2 :4 389
1:3 :6 216
1:4 :8 112

77. Shearing Strength. The shearing strength of concrete is a -
most important property of the material, since it is the real determining
factor in the compressive strength of short columns. The strength of
concrete beams is also under certain conditions dependent upon the
shearing strength of the material.

Since the angle of shear in concrete compression members must be
slightly greater than 45°, we should expect the direct shearing strength
to be slightly less than one-half the compressive strength. This theory
has been well borne out by experiment as the data of the following table
taken from tests made at the University of Illinois will show.

SHEARING STRENGTH OF CONCRETE
(EacE RESULT THE AVERAGE OF FROM 1 TO 17 TESTS)

. . (8) ©) i
Mix, Sl};l"n:.grl.tzli::.th. Comlmmp‘:o ';':rio:.nh, Ratio 8/C.
1:2:4 1193 3210 0.37
1:2:4 1257 3210 0.39
Average 1225 3210 0.38
1:3:6 679 1230 0.56
1:3:6 729 1230 0.59
1:3:6 905 2428 0.37
1:3:6 968 1721 0.56
1:3:6 796 1230 0.656
1:3:6 692 1230 0.56
1:3:6 879 1230 0.71
1:3:6 1141 2428 0.47
1:3:6 910 1721 0.53
Average 8566 1606 0.53

78. Elastic Properties. The elastic properties of concrete are of
importance not only because of their bearing upon the deformation of
concrete structures under load, but also because in the design of rein-
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forced concrete it is necessary to know the relative stresses in the steel
and the concrete under like distortions.
Fig. 39 presents typical stress-strain diagrams for short prisms of
concrete in compression.
Fig. 40 presents typical
load-deflection diagrams for
concrete beams under trans-

A verse loading. .
\33 The elastic properties of
Phe concrete vary with the rich-
U ness of the mixture and with
g’: the intensity of stress. They
- also vary with the age of
the concrete.

Concrete is not perfectly

Fia. 39. — Stress-strain Diagram of Concrete elastic for any range of load-

in Compression. Age 3 Months. ing, an appreciable permanent

set taking place for even

very low loads, and the deformation is not proportional to the stress at

any stage of the loading.

79. Modulus of Elast-
icity. Since the deform-

ation of concrete is not "'fg
proportional to the stress g::
at any stage of the loading, 10
the modulus of elasticity is gizg
not a constant for any ap- %=
. Exoo§
preciable range of stress, :'n&
decreasing as the load in- g 0
20

creases. The modulus is

highe:r for richef mixtures " Beffection In’Inchen

and increases with the age  pyg 40, — Transverse Tests of Concrete Beams.

of the concrete. Beams 8” Wide, 10” Deep, 10’ Span.  Age 1
The instantaneous value Month. Single Concentrated load.

of the modulus may be

computed on the basis of the slope of the chord drawn between two

points on the stress-strain curve representing a change of stress not

exceeding a few hundred pounds. The value of the modulus which is

of importance in design and construction of concrete is that which cor-

responds to the working stress of the concrete. Assuming the concrete

to be about one to two months old and the working stress not in excess

of 500 pounds per square inch, the value of the modulus to be used will
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be about 2,000,000 to 2,500,000 pounds per square inch for 1:2:4 mix,
and 1,500,000 to 2,000,000 pounds per square inch for the concrete of
1:3:6 mix.

80. Elastic Limit. As stated in Art. 78, concrete shows a per-
manent set under very low loads. There can be, therefore, no elastic
limit in the true sense of the term. There appears to be a stress, how-
ever, below which repetition of the same load does not cause appreciable
increase in set, while beyond this stress repetition of load causes increased
set indefinitely, finally resulting in rupture far below the normal ulti-
mate strength. For practical purposes, therefore, it is convenient to
consider this stress as the elastic limit. Experiments made by Bach,
Van Ornum, and others seem to place this stress at about 50 to 60 per
cent of the ultimate strength.

81. Stress-strain Curves. The curves of Fig. 39 are typical stress-
strain curves for concrete in compression. These curves have often been
found to approximate closely to parabolas the axis of which is vertical,
the origin being located at the point representing the ultimate strength.

This fact has been made the basis of some methods of concrete beam
design wherein the variation in stress in the concrete is assumed to be
parabolic from the neutral axis to the extreme fiber. This means that
the design is really based upon the ultimate strength of the material.
This method has been replaced to a great extent by methods which as-
sume the stress-strain curve to be a straight line for stresses under the
allowable working stress. The computations required are thus simplified,
and the design is based upon safe working stresses instead of the ulti-
mate strength of the material.

82. Coeficient of Expansion. The coefficient of expansion of
1:2:4 concrete has been determined by several investigators with con-
siderable uniformity to be about 0.0000099 per degree Centigrade
(0.0000055 per degree F.). This value differs so slightly from the
coefficient of expansion of steel that there is little danger of failure of
the bond of concrete and steel in reinforced concrete by reason of tem-
perature changes.

83. Contraction and Expansion of Concrete. In addition to the
volumetric changes due to temperature variation, concrete is subject to
other volume changes caused, as in the case of mortars (Art. 73), by the
chemical processes of setting and hardening or by variation in the mois-
ture content. Experiments made to determine the expansion and con-
traction of concrete while hardening are not numerous, but they show
conclusively that concrete hardened in air contracts, and concrete
hardened in water expands, the amount of change in volume being
dependent upon the richness of the mixture. Experiments made by
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White (Art. 73) indicate that the expansion or contraction even in the
case of old concrete, when alternately wet and dried, is far from being
negligible. Pieces of concrete, presumably not leaner than 1:3 :6 or
richer than 1 :2 : 4, sawn from a sidewalk after twenty years in service,
showed an expansion of 0.05 and 0.06 per cent when placed in water,
and the same contraction when subsequently allowed to dry in air.

If this concrete were restrained so that no volume change could take
place, the resultant stresses introduced, considering the modulus of
elasticity of the cement to be 2,000,000 pounds per square inch, would
amount to from 1000 to 1200 pounds per square inch, a stress probably
equal to at least half the ultimate strength if in compression, and far
exceeding the ultimate strength if in tension.

84. Weight of Concrete. The weight of concrete is a factor in
design, as it must be included in the dead load on any structure. The
weight is dependent almost entirely upon the character of the aggregate
and the density of the concrete. If the aggregate, both fine and coarse,
is of well-graded stone and sand and the concrete deposited in a manner
to insure the minimum of void space, the weight may run as high as 160
pounds per cubic foot, and for less carefully chosen materials or less per-
fectly executed work the weight may not exceed 140 pounds per cubic
foot. For practical purposes of design it is customary to assume the
weight of stone concrete to be 150 pounds per cubic foot. The weight
of cinder concrete varies from 110 to 115 pounds per cubic foot.

86. Adhesion of Steel. The adhesion of concrete to steel is chiefly
important in its bearing on the design of reinforced concrete. The bond
strength is dependent principally upon the richness of the mix and the
character of the surface of the steel. The following table based upon
tests made at the University of Illinois gives representative values of
the bond between concrete and steel rods.

ADHESION OF CONCRETE TO STEEL RODS

Steel rods. Adhesive
Mix, Depth strength, Iba,
Kind. 8ise, inches. imbedded, per sq. in.
inches.

1:2:4 Plainround........... 4 and 6 438
1:2:4 Plainround........... and 12 409
1:3:5} Plainround........... and 6 - 364
1:3:53 Plainround........... and § 12 388
1:3:54 Cold rolled shafting.. .. land } 6 146
1:3:5% Mild steel flat. ........ S X1 6 125
1:3:6 Tool steel round. ...... F 6 147

The adhesive strength of 1 : 2 : 4 concrete to plain round rods appears
to be about 400 pounds per square inch. In situations where a higher
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bond strength is required it is customary to secure a mechanical bond
by the use of some form of deformed bar.

86. Ratio E./E,. The relative moduli of elasticity of concrete and
steel determine the relative stresses in the two materials when the com-
bined concrete and steel member is deformed a given amount. So long
as the bond is not destroyed the ratio E./E, fixes the relative stresses
in the concrete and steel. E. for concrete of 2000 pounds per square
inch compressive strength is about 2,000,000 pounds per square inch,
and for steel E, is about 30,000,000 pounds per square inch. The value
of the ratio E./E, is, therefore, about 1/15.

87. Fire Resistant Properties of Concrete. Concrete as a fire
resistant has been subjected to various experimental trials, but the best
proof of its value so used lies in the experience afforded by many very
severe fires wherein concrete well demonstrated its superiority over most
other materials, which are used for fire protection.

The value of concrete as a protection for steel work in case of fire is
due to several considerations. In the first place, concrete is in itself
incombustible: second, its temperature coefficient is practically the same
as that of steel, thus giving it an advantage over materials like terra
cotta, which expands much more rapidly than does steel, and hence tends
to fail by reason of the destruction of the bond caused by unequal expan-
sion; third, the rate of heat conductivity of concrete is very low, due in
part to its porosity and consequent air content, and in part to the dehy-
dration of the water of chemical combination, the volatilization of which
absorbs heat. This latter action increases the porosity, and hence the
conductivity of the concrete which has suffered dehydration is still further
lowered, and the penetration of the dehydrating action proceeds very
slowly.

The concrete which thus becomes dehydrated is seriously injured,
but the effect is seldom appreciable to a depth of more than a fraction
of an inch, except in very hot and long-burning fires. Concrete called
“ cinder concrete,” in which the usual coarse stone aggregate has been
replaced by cinders, has been found quite as effective a fire resistant as is
stone concrete.

In general it is considered that a covering of concrete over steel work,
2 inches in thickness, is sufficient to effectually protect the steel against
temperatures sufficiently high to cause warping and twisting, with con-
sequent failure of the structure.

88. Protection of Steel from Corrosion. Experience gained at the
time of the demolition of reinforced concrete structures after years of
exposure in damp situations, and carefully conducted experiments, as
well, have shown that concrete forms a most effective preventive of the
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corrosion of steel imbedded therein. Particularly is this true if the
concrete be mixed sufficiently wet so that the steel is completely covered
by a wash of thin grout.

Experiments made by Professor Charles L. Norton for the Insurance
Engineering Station in Boston led to the following conclusions:

“Neat Portland cement, even in thin layers, is an effective preven-
tive of rusting.

“Concretes, to be effective in preventing rust, must be dense and
without voids or cracks. They should be mixed quite wet where applied
to the metal.

“The corrosion found in cinder concrete is mainly due to the iron
oxide, or rust, in the cinders and not to the sulphur.

“Cinder concrete, if free from voids and well rammed when wet,
is about as effective as stone concrete in protecting steel.” :
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CHAPTER 1II
CONCRETE

89. Concrete as a Structural Material. All of the masonry mate-
rials heretofore discussed (plasters, limes, and cements), have been
strictly cementing materials. Alone, they are not used as masonry,
but are used in combination with such non-cementing masonry mate-
rials as brick, stone, terra cotta, etc., or are used as a plaster coat in
walls.

Concrete, considered as a cementing material, is used alone to form
bulk masonry. If we consider the constituent materials from which
concrete is made, however, instead of considering concrete masonry as
one material, we find that we have to deal with a class of masonry which
is made up of a large bulk of non-cementing materials bound together
by a comparatively small amount of cementing material, just as is the
case with stone or brick masonry. The distinction lies, however, in
the fact that in concrete the non-cementing material is in a compara-
tively finely divided state, and is incorporated in a mix with the cement-
ing material prior to placing on the work. In stone or brick masonry,
on the other hand, the non-cementing material is brought upon the
work in the shape of conveniently sized units with which the structure
is built up, cementing material being used only as beds and joints to
bind the stone or brick together.

Concrete may be strengthened or reinforced by the use of steel.
This makes its use possible in situations where tensile stresses are en-
countered, whereas stone and brick masonry may be depended upon
to withstand compressive stresses alone.

The subject of reinforced concrete is so complex, the problems en-
countered in design and construction are so peculiar to this class of con-
struction alone, and the bibliography of the subject is already so exten-
sive, that the discussion of concrete in this chapter will not be made to
include reinforced concrete.

CONCRETE MATERIALS

THE CEMENT

90. Selection of Cement. Most engineers specify the use of Port-
land cement for all classes of concrete work. Any cement used should

be accepted under standard specifications such as those of the American
2 56
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Society for Testing Materials and, except on the least important work,
samples from each shipment should be subjected to the standard tests.

91, Storage of Cement. After delivery on the work the cement
should be carefully stored in weather-tight, but not air-tight, buildings,
the floors of which are raised from the ground. The storing should be
done in such a manner as to permit of easy access for inspection and
identification of each shipment.

92. Inspection and Testing. Each shipment of cement should be
inspected by a competent inspector whose duty it is to select a sample
for tests. The sample should be a fair average of a bag or barrel and, if
conditions permit, about 1 barrel in every 10 should be sampled. Usu-
ally tests are made on a mixture of the individual samples, but in some
cases on important work the individual samples are tested separately.

SAND FOR CONCRETE AGGREGATE

93. Granulometric Composition. In general, the discussion of sands
for mortars included in Chapter I applies with equal force to the con-
sideration of sands for concrete. Investigations have shown that the
sand should be for the most part coarse, rather than fine. A sand
showing proper gradation in size from fairly coarse to fairly fine is pref-
erable to either a uniformly coarse or a uniformly fine sand. A rough
empirical rule often used requires that not more than 50 per cent of the
sand shall pass a 30-mesh sieve and not more than 10 per cent shall pass
& 100-mesh sieve.

94. Foreign Matter in Sand. It has been shown in Chapter I that
the injurious effect of foreign matter in sand is dependent upon many
factors. If the silt contains more than 10 per cent of organic matter,
the latter constituting as much as one-tenth of 1 per cent of the sand,
an appreciable injury results. Clay, if finely divided and uniformly
distributed throughout the sand, appears to have little effect unless
present in large percentages, perhaps 10 per cent or more. Mica is
injurious even in very small percentages.

It is important, therefore, that the sand used on concrete work should
be subjected to careful examination and tested systematically. It is
not sufficient to specify that the sand be “clean and sharp ” and accept
it upon the basis of a casual inspection made by taking a bit between
the fingers to establish its grittiness, and determining its cleanliness by
the amount of discoloration produced by rubbing it in the palm of the
hand. Presence of harmful matter can be determined by ignition of
the silt, by a water wash test of the silt, or by the wash test with sodium
hydroxide. A strength test gives the most reliable result. It is not
pecessary that the sand should be sharp.
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BROKEN STONE OR GRAVEL AGGREGATE

96. Gravel vs. Broken Stone. Either class of coarse aggregate may
be perfectly satisfactory, and neither can be said to be wholly superior
to the other. If the consistency of the concrete is such as to constitute
& rather dry mix, more tamping is necessary to obtain a dense concrete
with broken stone than is the case with gravel consisting of smoother
and more rounded particles.

Gravel usually has a smaller percentage of voids than has broken
stone, and therefore a compact concrete may be secured with a some-
what smaller amount of mortar than would be required for broken stone.

On the other hand, if properly tamped, the broken stone will to
some extent interlock, forming a dense and strong concrete, the same
effect being possible with a well-puddled wet mix. Also, the rough sur-
face of the broken stone usually results in developing a greater adhesive
strength or bond between the stone and the mortar. This latter con-
sideration cannot be taken to be universally applicable, however, for
the adhesion of cement to stone is not wholly a matter of roughness or
smoothness. ’

96. Size and Shape of Fragments of Stone. All material under
1 inch or even § inch should be removed from either crushed stone or
gravel, this fine part being in some cases suitable for use as sand. The
maximum size of coarse aggregate allowable depends upon the char-
acter of the work on which the concrete is used. Usually this limit is
such a size as will pass a 24-inch ring. For massive concrete, however,
the size may be such as will pass a 3-inch ring, and for reinforced concrete
a size to pass a l-inch ring may be required.

From the standpoint of minimum void space rounded stones are more
desirable than irregular rough fragments; from the standpoint of ability
to bond with the mortar they are deficient, however, so that in general
the shape of the particles will be found to be much less important than
the size and the hardness of the stones.

THE PROPORTIONING OF CONCRETE

97. Importance of Proper Proportioning. Upon important work,
particularly if of large extent, a thorough study of the materials and the
proper relative proportions will often effect better results with a saving in
cost. The cement is always the most expensive ingredient, and therefore
if it is possible to reduce the proportion of cement used by adjusting the
proportions of the aggregates in such a manner as to produce a leaner
mixture of equal or greater density and strength, economy is thereby
effected.
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98. Theory of Proper Proportioning. The theories of proportioning
first accepted were based on the assumption that greatest strength and °
imperviousness were obtained by the mixture of maximum density. The
methods of proportioning with this end in view are known as propor-
tioning by the method of:

Arbitrary Assignment,
Voids,
Maximum Density,

The more recent theories have not emphasized the maximum density,
in fact they have even denied that it is necessary. The two methods
which have caused the widest discussion are the methods of:

Water Ratio and Fineness Modulus,
Surface Areas.

99. Proportions by Arbitrary Assignment. For concrete of maxi-
mum density the voids in the stone aggregate should be filled with mortar,
where in turn the cement has filled the voids in the sand. The voids in
practice are not completely filled as the excess of water used and the
entraining of air bubbles during mixing leaves voids. The percentage of
voids in natural gravel usually runs from about 30 to about 35 per cent,
while in crushed stone the percentage will in general vary all the way
from 30 to 45 per cent, depending upon the shape and gradation in size
of the particles. Arbitrary assignment commonly calls for a volume of
sand equal to half the volume of stone. The amount of cement used
depends upon the strength desired for the concrete and upon its use.

It is customary to state concrete proportions by volume, giving the
number of parts of sand and stone to one of cement. It is hardly possible
to state arbitrarily the proportions used in practice for concrete in any
particular situation. The following division is given, however, as fairly
representative of present conservative practice:

1:1}:3—a rich mixture used for columns and other structural
parts subjected to high stresses or requiring especial water-tightness.

1:2:4 —a standard mixture used for reinforced floors, beams, col-
umns, arches, engine and machine foundations where vibration occurs,
sewers, conduits, etc.

1:2} : 5 — amedium mixture used for floors on the ground, ordinary
machine foundations, retaining walls, abutments, piers, thin foundation
walls, building walls, sidewalks, etc.

1:3:6—a lean mixture for massive concrete, heavy walls, large
foundations under steady load, stone masonry backing or filling, etc.

1:4:8—a very lean mixture used only on unimportant work in
very large masses.
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100. Proportions by Voids. The mix can more accurately be de-
termined for any given aggregates by ascertaining the actual voids in the
stone or sand. A representative sample of stone is commonly taken in
a large bucket or container. The voids are determined by finding the
volume of water required to fill the air spaces in the given volume of
stone.

100 W

V=

T

where V = per cent of voids,
W = volume of water in voids,
T = total volume of container (aggregate plus voids).

The percentage of voids varies with the compactness of the sample.
If a stone is shaken the voids are much reduced. The voids in stone are
usually determined in the unshaken condition as approaching more nearly
the actual concreting conditions. -

The sand aggregate is more difficult to deal with in void determina-
tions as it has much finer particles. The compactness of the sample
makes a great difference in results, also if the finer grains are damp the
material will increase in volume on handling. It is customary to deter-
mine the voids in sand as dry material, well shaken, and the determina-
tion is better made by dropping the sand into a given volume of water.

V= 100(T — W)
T
where V = per cent of voids,
* W = volume of water displaced by the sand,
T = total volume of container to the sand level.

If the aggregate is composed of particles of the same type of rock and

the specific gravity is known, the voids may be computed directly.

w
V= 100(1 ~ 624 S)
where V = per cent of voids,
S = specific gravity of the particles of the aggregate,
W = weight per cubic foot of dry aggregate.

To proportion a mix the voids in the stone are determined and that
volume of mortar provided. The voids in the sand may also be found
and the proper amount of cement supplied. Many engineers, however,
prefer to adjust the mortar rates according to the strength desired and
then proportion by voids to fix the mortar-stone ratio. Long experience
has shown that it is necessary to provide 5 to 10 per cent more mortar
than called for by a void determination on the stone as the sand particles
separate many stones and create new voids.
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TABLE 1. AVERAGE SPECIFIC GRAVITY OF VARIOUS AGGREGATES *

Wel "
Material, ’ Specific gravity. cut::g 3&3“; :%l;g.
pounds.
Band. ... ... ... 2.65 165
Gravel. ..........ciiieiiiiiieiieenieineinans 2.66 165
Conglomerate..........ccovveeeeiiereeinnnnnnnn... 2.6 162
Gramite...........oiiiviiineneerieneenniieennnn. 2.7 168
Limestone. ........covuiieiiieiiiiinenenieninennns 2.6 162
< S 2.9 180
Blate. . ... i e e 2.7 168
Bandstone.................ccciiiiiiiniiiiin 2.4 150
Cinders (bituminous)............................. 1.5 95

* From ‘ Concrete — Plain and Reinforoed,” Taylor and Thompson.

Void determinations have proved that: — An aggregate whose particles
are all one size will have approximately the same per cent of voids as
any other equal sized aggregate, whatever the particle diameter
may be.

The largest per cent of voids for any aggregate occurs with particles of
uniform size; the smallest per cent of voids occurs with a mixture of sizes
such that the voids of each size are filled with the largest particles possible.
Therefore a mixture of stone and sand is more dense than sand alone.

Aggregates with round particles, such as gravel, contain less voids
than aggregates with angular particles, such as crushed stone, even though
they.are screened on identical sieves.

"The addition of water to dry sand increases the voids. The Jargest
per cent of voids for bank sands occurs with 5 to 8 per cent of water.
Ordinary sands as they come from the bank contain 2 to 4 per cent of
water.

Proportioning by voids indicates the maximum density of the indi-
vidual aggregate. The necessity of adding 5 to 10 per cent additional
material over the void determination prevents this from being a precise
method of proportioning.

101. Proportions by Maximum Density. The concrete of maximum
density can be determined by trial mixes. Some constant ratio of cement
to aggregate is adopted. The relative percentage of sand to stone is
varied, all volumes being carefully measured. Each mix is rammed into
a container under uniform conditions and the resultant height measured.
Variations of the volume of the rammed concrete indicate the density
change. As the per cent of sand to stone is increased towards 50 per cent
a point of maximum density is reached. Up to this point there has been
too much mortar and a separation thereby of the stone particles (Figs.
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41 and 42), beyond this point there is not enough mortar and the voids
are increased. The strength and density curves (Fig. 43) show that

Fig. 41. — Photomicrograph of Cement- Fia. 42. — Photomicrograph of Cement-
Ottawa Sand Mortar, showing Small Voids. Ottawa Sand Mortar, showing Large Voids.

maximum strength and maximum density for this aggregate are practi-
cally identical.

Proportioning by maximum density has the advantage compared with
the method of voids of dealing
with the materials mixed under
field conditions. It gives imme-
diate results if only one sand
and stone are considered; but,
if there are available a number
of stones, either screened or
‘“run of bank,” the number of
mixes required would be large in
order to determine what sand or
stone or combination of stones
could be used to best advantage. Mix -t Comen] to 7 Agy

102. Proportions by Mech- 500l
anical Analysis. On important T Ratio-Sond to Total A regate
work mechanical analysis of the i 43— Density and Strength Relation.
aggregate is desirable since it
affords a basis for determining the best proportions to be used with
given materials, or for determining what sized material should be added
to the aggregate to make it more satisfactory for use in a concrete of given
proportions. The least dense mixture of aggregate is made up of part-

18

Cte Ebmbabad .~_J!!~
padi N -

—
)
S
W
N,
Y
&
Vs
v

.é“\
/
/

Strength- Pounds per Sq.In,,
L\
\\
"\
7
—

N

N

\
U

Jregate

7 47



2 62 MATERIALS OF CONSTRUCTION

icles, all of one size, the densest mix of particles of graded sizes. A
coarse aggregate of one size is preferable to a fine one, since there is
less surface area to be coated with the cement. Fine aggregates are less
dense and require more cement and water to coat their particle surfaces.
This additional amount of paste still further reduces the density, and
gives an additional cost.

The availability of an aggregate for a concrete mixture may be deter-
mined by a mechanical analysis of its particle sizes. This sieve analysis
is obtained by screening a representative sample of the dry aggregate
through a series of sieves with decreasing sizes of openings. The cumu-

lative percentages held (or

iing) each screen are

ndication of the grading

the material. This is

» by plotting the cu-

ative per cent as an

nate against the dia-

er of the particle as

n by the screen open-

" Diameter of Stone In Inches " ing as an abscissa. (Fig.44.)

Fig. 4. — Typical Mechanical Analysis of Gravel. M. Feret and othem have

made careful study of the

results of artificial mixes of aggregates. They proved, if aggregates

were screened into three sizes, coarse, medium and fine, that the

combination with greatest density was a mixture of 73 per cent coarse

and 27 per cent fine with no medium at all. Greatest strength was given

by nearly the same proportions, being 80 per cent coarse and 20 per

cent fine aggregate. Stone of one size can be combined with finer stone or
with a sand in accordance with these results.

Many “run of the bank’’ aggregates do contain medium size material,
which cannot be conveniently screened out. The densest mixture of such
a material gives a gradation plot which appears to be a regular curve.

Mr. William B. Fuller determined by strength, density and perme-
ability tests such a curve for the best grading of aggregate to be approxi-
mately a parabola (Fig. 45). For practical use he assumed the ideal
grading to be a straight line in the coarse and medium sizes and an ellipse
in the fine sizes. To proportion a dense mix the sand and stones are
screened and their gradings plotted. The per cent of each to use is then
determined so that their combined grading plot will most nearly coincide
with the ideal curve. It is possible to determine readily what sand and
stone or stones to use, and the proportions of each. The cement ratio is
usually assumed, either as the ratio of cement to aggregate or as the

-

% by weight smaller than
“‘lven dl:mem
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mortar ratio of cement to sand. The results do not check M. Feret’s
conclusions, since he dealt with screened material, which could be arti-
ficially graded, leaving out certain sizes, while Fuller's curve applies to
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material containing all sizes, or to mixtures of several sizes of screened
materials.

*103. Effect of Water. Proportioning by voids or by mechanical
analysis aims to give the densest mix and to indicate the best materials
to use out of many available. The problem frequently arises, however,
of determining the amount of cement to use to give a requisite strength
with only one set of aggregates. The more recent methods of propor-
tioning attack the problem from this point of view. They endeavor to
establish relations between all sorts of aggregates so that the cement
ratios can be predicted. The economical aggregate would then be easily
determined.

The methods of proportioning previously discussed have not directly
considered the effect of the amount of water used in the mix. This
amount should be considered carefully. Water reacts with the cement
particles causing chemical changes that result in the formation of the
paste that binds the sand and stone particles together. If there is not
enough water the reaction with the cement will not be complete and low
strength results. If there is too much water, this paste will not be
gtrong. As the cement sets crystals form which interlace and increase
the strength; crystallization can only take place from saturated or su-
persaturated solutions. A moderate excess of water may affect the

strength as much as 40 per cent.
In addition to starting the chemical reactions, the water wets the sur-
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faces of the sand and stone particles filling all cracks and minute irregu-
larities with the paste that binds all together. If there is not enough
water, poor binding surfaces are the result. If there is too much, the
excess will evaporate leaving holes which weaken the bond and leave the
concrete permeable.

It has been claimed that excess of water acts as a lubricant in the
transporting of the aggregate to the final place in the forms. It certainly
tends toward the separation of the paste from the sand and especially
from the stone. As the cement hydrates, certain amounts of hydrated
lime form, which aid to lubricate the flow of the concrete and also aid to
bind it together. Therefore excess water is not necessary.

104. Proportioning by Water Ratio. Prof. Duff A. Abrams has
advocated the use of a method of proportioning concrete which is based
on the water used to make the mix. The term “water ratio,” as used
by him, is the ratio of the volume of water to the volume of the cement.
His tests tend to prove that the strongest concrete is that which requires
the least water ratio to give a required consistency of mix.

Thus, if a certain aggregate were used, it would require a definite
amount of water to wet the particle surfaces. When mixes are made
with this aggregate and increasing amounts of cement, the water required °
for aggregate and cement will give a less water ratio. This agrees with
the usual statement that richer mixes of the same aggregate give greater
strengths. Again, if the ratio of cement to aggregate is kept the same,
but aggregates are used of such grading that less water is needed to wet
the particle surfaces, the water ratio is decreased. Aggregates propor-
tioned by the methods of voids, maximum density, or mechanical analy-
sis tend to produce this low water ratio. It is only the water that enters
into chemical action with the cement that is essential. )

Prof. Abram’s method may seem only to be a statement from another
point of view of the previous theories; but he also quotes tests to prove
that the grading giving greatest strength is not that of maximum density,
but a coarser grading. His tests show that aggregates of considerable
difference in grading and in surface areas of the particles may give the
same strength. The tests have been summarized in a plot (Fig. 46)
which gives the relation between the compressive strength of 6 inch
diameter concrete cylinders, 12 inches high, at an age of 28 days, and the

water ratio of these concretes. The curve obeys the equation S = 5
where S = the compressive strength of the concrete in lbs. per sq. in.,
A and B are constants, x = the water ratio.

For Fig. 46 the equation is S = 11,’72@ The aggregate does not
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appear in this equation, but it does exert its influence through the water
ratio.
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The aggregate is studied by means of mechanical analysis, using the
Tyler standard series of sieves for the 100, 48, 28, 14, 8 and 4 mesh and
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the §, 4, and 1% inch sizes. The per cents of
of the nine screens are added together to give a constant which is known

the aggregate held on each
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as the “fineness modulus.” This fineness modulus is a measure of the
grading of the material; a very fine sand giving a modulus as low as
1.25, while coarse stone could be as high as 8.00. The same amount of
water is needed to wet the aggregate, if the material has a given fineness
modulus, whether it be sand, stone, or a mixture of the two. When the
ratio of cement to aggregate is kept constant, the strength increases with
the fineness modulus of the aggregate to a maximum. (Fig. 47.) Fine-
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Fineness Modulus of Aggregate
F1a. 48. — Relation between Fineness Modulus of Aggregate and
Strength of Concrete.

ness moduli above this value mean that the material is too coarse for the
cement paste to fill the voids.

There is, then, a certain maximum fineness modulus for each mix and
aggregate size beyond which value the aggregate should not be used. The
maximum is higher for rich mixes than for lean mixes. When aggregates
are used where the largest size varies, the same cement-aggregate ratio
being used, the strength steadily increases with the fineness modulus, no
maximum being reached. (Fig. 48.)

The water used in the mix depends on the cement content, on the aggre-
gate used and on the consistency of the mix. Prof. Abrams has consid-
ered all these factors in the simplified equations for the water content

1) :5=R[gp+(0.22—‘-1"—;)n]+(a—c)n,
where

z = the water ratio.

R = the relative consistency of the concrete (ratio by volume), a
consistency of 1.00 being produced by such an amount of
water that the concrete will slump 4 inch to 1 inch upon re-
moval of the metal mold of a 6" X 12" specimen.
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p = the normal consistency of the cement (ratio by weight).
m = the fineness modulus of the aggregate.
n = the mix. The ratio of aggregate volume to the cement volume.
a = the absorption of the dry aggregate (ratio by volume).
¢ = the moisture contained in aggregate (ratio by volume).

To design a mix, the water ratio for the desired strength is determined
from Fig. 46. Substituting in equation (1), the values of z, R, p, a and ¢
which are known and assuming a mix n, the aggregate fineness modulus
can be solved. Knowing the fineness modulus of the sand and stone, it
is possible to figure the ratio of sand to stone to give the required aggre-
gate modulus. It is desirable to use the leanest mix possible and the mix
n can be varied until the modulus m approaches the maximum allowable
value for that mix. The strengths used in Prof. Abram’s plots are obtained
on laboratory mixed concretes which are stronger than the corresponding
mixes in the field. Allowance for this fact should be made, when using .
this proportioning method.

106. Proportioning by Surface Areas. Mr. L. N. Edwards has
advocated the proportioning of concrete mixtures by the consideration of
the surface areas of the aggregate, which must be coated by the cement
paste. He recommends that concretes be proportioned as the ratio of 1
gram of cement to a given number of square inches of surface area of
aggregate. Such a method relies on the fact, shown by his tests, that all
mixes of the same ratio (as 1 gram of cement to 10 sq. in. of aggregate)
give the same strength. Concrete of a required strength can be propor-
tioned from any aggregate, the weight of cement used in a cubic foot of
concrete varying with the aggregate as in other methods. A fine sand or
stone having a large surface area fer the same volume of material would
require much more cement. Mr. Edwards determined representative
data for sands and stones in his locality (Toronto, Canada), for the areas
of different sizes of material.

Mr. Edwards’ published tests have been largely made on mortars
rather than concretes but the method of solution is the same. The sands
were separated into sizes by screening through the 4, 8, 10, 20, 30, 40, 50,
80, and 100 mesh sieves, therefore direct comparison cannot be made
with Prof. Abrams’ “fineness modulus.” The number of particles per
gram weight was determined for each size. Assuming sand particles to
be spherical the surface area per gram was figured. Table II and Fig. 49
show the results for the sands examined.
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TABLE II. — VOLUME AND SURFACE AREA OF SAND

8 d Number of | Average volume m“' Suriace ares Suriace
et | e | Towpmie” | ot | el | gl
P4-R8............ 14 | 0.001 66 0.146 95 0.0678 0.9492
P8 ~-R10.......... 55 | 0.000 4226 0.093 1058 | 0.027 2335 1.4978
p10-R20........... 350 10.000 066 45 0.050 2534 | 0.007 9338 2.7778
P20-r30.......... 1500 | 0.000 015 49 0.030 928 0.003 0055 4.5083
P30-r40........... 4 800 | 0.000 004 842 | 0.020 9893 | 0.001 3841 6.6437
P40-r50........... 16 000 | 0.000 001 452 | 0.014 0818 | 0.000 6201 9.9216
PS0-R80........... 40 000 | 0.000 000 5815 | 0.010 3568 | 0.000 336 913 | 13.4765
P8O-rR100.......... 99 000 | 0.000 0002348 | 0.007 6538 | 0.000 188 325 | 18.6442
Standard Ottawa. . 1323 10.000 017 57 0.032 2545 | 0.003 268 38 4.3241
For the concrete aggregates,
9000 crushed stone is angular while
y, gravel appears more nearly spherical.
8000 Therefore the crushed stone was
y, assumed to be one-third cubical
7000} and two-thirds parallelepipedal
A shapes, and the gravel particles
5.0000 / were called spherical. The stones
g . were screened on the %, %, §, 1, 1}
oo // and 2 inch sieves. Tables III
< < / and IV give the number of
ém particles in 100 pounds and the
a surface area in square feet per
2000 7 100 pounds for broken stone and
: 4 -~ for gravel. Fig. 50 shows the
2000 / AN - graph of thest? results. .
/ ) ,} 27 To proportion a concrete the ratio
1000 AT #.—T"| of cement to surface area is ‘deter-
% é/ TR mined to give the required strength
1 — D . .
— by the result of tests. Fig. 51 shows
% 00 200 500 400 lﬂb Y 8

Weight of Sand, g.

Fic. 49. — Surface Areas Corresponding
to Various Weights of Sand.

the results of such a series of tests
for pit-run gravel by Mr. R. B.
Young.

TABLE III. — VOLUME AND SURFACE AREA OF BROKEN STONE

AGGREGATE

Number of w‘;&::‘;r Surface area | Surface area

i i . le, Ib.,
Screen passed and retained on. pul-v.olgllebs in p::‘ic;?' per .:al;t: e, w:cll??t.b

P2-RI§.......... il 670 1.553 8.7047 40.5

rIE-RIL . 1680 0.636 4.9261 57.47
PL-R 3. 5 680 0.1811 2.1139 83.38
P IR ; ....................... 14 900 0.0692 1.1943 123.58
P Ap Lt 43 820 0.0236 0.5339 162.47
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TABLE IV.— VOLUME AND SURFACE AREA OF SCREENED GRAVEL

Number of Average _ﬁvem‘co Surface Rurface
Screen passed and retained on. | particlesin | | FOCEG. | ORI w;‘i.ﬁcl o, .l?i).lgf
100 Ib. ou. in. in. 8q. in. 8q. ft.
P2-RrRY..........lll 430 2.4289 1.6678 8.7383 | 26.00
F 20 ¥ - 3 U 1090 0.9509 1.2201 4.6764 | 35.39
Pl-R }..... 3 830 0.2694 0.8013 2.0330 | 54.00
P T T 10 030 0.1020 0.5797 1.0657 | 73.54
P 0 37 330 0.0276 0.3753 0.4425 | 114.71
ST |
r__ LEGEND
cmt—BROKEN 8TONE .
P e /]
120 ' 4 / f
f y, AN
B :Jv | 8
Py 7 =2
¢ 7 g ’
Bw 7 /{/ ’72 £ 2000
$ Zay ol /
-% "/%. 9 ] Z
‘g ® $ ’:/V 3} '/j 4 g [
4 Q- YN " ﬂ
a7 /r' s, ’4 ?.,fﬁv* g 1000 <
40 v = e a3 -~
17 /)/‘/_,r:)’,// -
Y PG
20 ‘/14% - ._—-_y.m =
/s ,’o"‘é"’ 5[} .
%— =1 ) 2 1 [
0 - Pounds of Oement per 100 sq.ft. of
100
O eightof Stone, Ib. Sutface Arce of Aggregate
Fia. 50. — Surface Area for Fig. 51. — Cement-Strength Relation
Stone. for Concretes.

The aggregate is screened and the surface area figured per 100-pound
weight, and the weight of cement per 100 pounds of aggregate obtained.
It is realized that the water used is a potent factor. Normal consistency
for mortars is given by an amount of water obtained as follows:

Weight of cement (g) X percentage required
to produce “ normal consistency” paste
total surface area of sand (sq. in.)
+
210
For concretes Mr. Young used a normal consistency given by Fig. 52.
If this water ratio did not give the correct working results, it was changed

water (c.c.) =
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but the cement ratio was increased as the water was increased. When
one aggregate is available, this method gives immediate results. If sev-.
eral sands and stones can be used, the most economical aggregate is that
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Fia. 52. — Curves establishing Relation between Compressive Strength,
Water-Cement Ratio and Cement Content at Normal Consistency.

which has the least surface area for a given volume; the amount of cement
required being then a minimum, though the cement ratio is not changed.

106. Summary. The method of proportioning to use depends upon
the quality of concrete to be made. Small amounts of concrete of a lean
mix can be given arbitrary assignment of mix. Mixes determined by
voids or by maximum density by trial can be made on the job with fairly
good results. The proportions of concrete must be determined with care
to give high strength for buildings, or strength and water-tightness in
dams and tanks, or to resist wear in roads.

The best aggregate can be found by some form of mechanical analysis.
Prof. Abram’s studies give information in regard to water content. His
method or the more direct relation of surface areas enables one to esti-
mate the cement content and the probable strength.

MixiNg CONCRETE

107. Ingredients Required per Cubic Yard of Cement. Cement is
usually bought and measured by the barrel, the weight of the barrel
being 376 pounds net and the volume about 4 cubic feet. Sand and
stone are bought and measured by the cubic yard, so that it will usually
be convenient to determine the number of cubic yards of sand and stone
or gravel for each barrel of cement in a concrete of a given mix.
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The following rule will be found to be sufficiently accurate for the
purpose of making preliminary estimates of quantities:

Let ¢ = the number of parts of cement;

8 = the number of parts of sand;
g = the number of parts of stone or gravel.
Then c——_:osi_—g = P = barrels of cement per cubic yard of concrete in place;
and P X 8 X 4/27 = cubic yards of sand per cubic yard of concrete;
P X g X 4/27 = cubic yards of stone per cubic yard of concrete.

This rule has been devised by experimental determination of the
constant 10.3. It will give fairly accurate results with all classes of mate-
rials except with rather fine gravel, or stone which shows a very excellent
gradation in size of fragments. In this event the quantities of each of
the ingredients other than stone, as determined by the rule, will be found
to be about 10 per cent in excess of actual requirements.

108. Hand vs. Machine Mixing. Good concrete may be either hand
or machine mixed, the choice depending largely upon the quantity re-
quired, and the consequent relative costs of the two methods. For all
except the smallest work machine mixing will be less expensive than hand
mixing, and for this reason, as well as the greater likelihood of obtaining
uniformly well-mixed concrete of uniform consistency, machine mixing
is generally preferred. Hand mixing is apt to be slighted because of the
heavy labor demanded.

109. Method of Mixing by Hand. Hand mixing should be done upon
a water-tight platform about 10 feet wide by 15 feet long. The measured
quantity of sand having been spread over the surface of the mixing plat-
form, the cement is spread evenly over the sand and the two mixed thor-
oughly dry, after which the required amount of water and stone may be
added and the mass turned back and forth from one side of the board to
the other until the mass is homogeneous in appearance and color. From
three to five turnings are required to mix the concrete thoroughly.

110. Mixing Machines and Machine Mixing. Concrete-mixing ma-
chines are of two general classes — batch mixers and continuous mixers.
In using the batch mixer, the materials are measured separately and
charged into the machine in quantities sufficient to make a batch suited
to the capacity of the machine. The required amount of water is added,
and the mass is mixed and then completely discharged, after which the
machine is recharged. In the continuous mixers the materials are deliv-
ered gradually to the machine, either already combined in the correct
proportions or the rate of feed of each material may be regulated to pro-
duce the required mix as nearly as possible. Water is added as the
materials pass slowly through the length of the mixer and the mass is
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discharged continuously from the lower end. Continuous mixers do not
generally produce a concrete so thoroughly mixed or of as uniform a
consistency as is obtained with the use of batch mixers. Specifications

Fia. 53. — Cube Concrete Mixer.

for important work
very often stipulate
that batch mixers be
used.

Most concrete
mixers consist of a
rotating  chamber
into which the mate-
rials are charged and
mixed with a com-
plicated motion, due
either to the shape of
the mixer chamber or
to the action of baffle
plates placed on the
inside walls of the
mixing chamber. The
cube mixer (Fig. 53)

requires no baffle plates because of its peculiar shape and manner of
mounting. The drum-shaped mixer (Fig. 54) is provided with baffle

Fi1a. 54. — Drum Type Concrete
Mixer.

Fi16. 55. — Mixing Chamber of Drum Type
Concrete Mixer.

plates of various kinds. One arrangement is shown by Fig. 55.
A machine known as the Cement Gun is also used to deposit cement
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mortars in the form of “Gunite.” The dry mix of cement and sand is
introduced into the upper chamber (Fig. 56) -of the gun through a cone
valve. Compressed
air equalizes the pres-
sure in this chamber
with that in the lower
chamber, whereupon
a second cone valve
admits the mixture
to the lower chamber.
The material is fed
continuously from this
chamber through a
hose to the place of
deposition. As it
leaves the hose through
a specially designed
nozzle, water is added.
The wet mix strikes
the surface on which
the mortar is deposited
with great force, the
surplus water is thrown
off, and a very dense mortar is formed which is stronger than mortars
placed by hand.

F1a. 56. — Cement Gun.

DEeposiTioON oF CONCRETE

111. Timber Forms. The investment in materials and the cost of
labor in placing and removing forms represents quite a large per cent of
the total cost of concrete work. It is evident, therefore, that the
correct design and construction of forms is a very important feature of
the work. Forms must be substantially built, so thoroughly braced and
wired that the finished concrete shall conform to the designed dimensions
and contours, and made tight to prevent the leakage of cement-charged
water. '

The cheaper grades of lumber are generally used. Green timber is
preferable to seasoned timber, since 1t is less apt to be affected by the
water in the concrete. Better grades of lumber are used when a particu-
larly smooth finish is desired or where forms are used repeatedly. Oiling
of the forms is beneficial, and plank planed on one side is practically
essential. Forms should always be wetted just prior to the deposition of
the concrete.
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112. Transportation and Deposition in Forms. The one essential
in the transportation of concrete from the place of mixing to the forms
is that no opportunity be afforded for a segregation to take place between
the mortar and the coarse aggregate. Chutes down which the concrete
flows are often considered objectionable, if of any considerable length,
for just this reason. Chutes may be so constructed, however, by making
the slope conform to the degree of wetness of the mix, that little difficulty
is encountered by reason of segregation.

On small jobs concrete is usually transported in wheel-barrows. On
larger work large dump-buckets, or cars carrying dump-buckets, are
commonly used. With modern fairly slow-setting cement there is little
danger of the concrete setting before reaching the place of deposition
except in case of interruption of the work, in which event especial care
must be exercised to see that no concrete be left in wheel-barrows or other
conveyances. Regauging of concrete which has set or partially set, by
stirring up the mass with or without additional water, is never permissible.

Concrete should be deposited in nearly horizontal layers only a few
inches thick and should never be allowed to flow down a slope, since in
that event segregation of the fine and coarse material will invariably
take place. On work where absolute continuity of the concrete is required

_the deposition must be carried on continuously until the work is com-
pleted. There will invariably be a joint or plane of weakness where
one day’s work 1s stopped and deposition of new concrete resumed after
twelve to fifteen hours. It is therefore important that the work be so
planned and prosecuted that the planes of weakness lie in the direction
of least stress in the finished structure.

113. Consistency, Ramming or Puddling. The materials should be
mixed wet enough to produce a concrete of such a consistency as will
flow into the forms and about the reinforcement if such be present. At
the same time it must not be so wet as to cause difficulty through
segregation of the coarse aggregate and the mortar before final deposi-
tion.

Formerly, it was the practice to mix concrete so dry that an excessive
amount of tamping was necessary to compact the mass and prevent
bridging of the fragments of the larger aggregate, causing voids.

Specifications now usually require a mix so wet that ramming or
tamping is unnecessary, a dense concrete and smooth surfaces being
obtained by simply puddling the mass until the ingredients have settled
into their proper place by gravity and any surplus water has been forced
to the surface. In order to have a good finish it is well to make use of a
straight shovel along each side of the forms, forcing all the larger fragments
of the aggregate a short distance back from the face.
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114. Bonding to Old Work. Since joints cannot be avoided in
work not carried on continuously to completion, every reasonable pre-
caution should be taken to make the bond of new to old work as strong as
possible.

In massive work with horizontal joints the question is one of less
importance than in thin walls or situations requiring water-tightness.
In the former case it will probably suffice to simply clean and wet the old
work before laying new concrete. Where walls are thin, or waterproof-
ness is required, the concrete previously placed should be roughened,
thoroughly cleaned of foreign material and ‘laitance,” and slushed with
a thin grout of either neat cement or rich mortar, the proportion of sand
to cement in the latter case not exceeding two to one.

Laitance is a whitish scum which is washed out of concrete when
there is excess of water, as when concrete is deposited in water or when
water collects in.pools on the surface of freshly laid concrete. The lai-
tance consists of the finest flocculent matter in the cement together with
dirt from the aggregates. The composition of laitance is practically
identical with the composition of the cement itself. This flocculent
material remains suspended in the water for a long time, giving it a milky
appearance, and settles slowly on the surface of the concrete. The
laitance hardens only very slowly and never acquires much strength, so
that, if not removed, it seriously interferes with the bonding of succes-
sive layers of concrete.

115. Facing of Walls. The cheapest and most satisfactory method
of obtaining a smooth face on concrete walls is by the use of a straight
shovel or slice bar along the forms, forcing the coarser aggregate back
from the surface.

Plastering with mortar after removal of forms is useless, because it
will almost invariably scale off, owing to poor bond and unequal expan-
sion. Imperfections in the face must, of course, be patched up, but this
should be done with a mortar of the same mix as that used in the concrete
to prevent different-colored patches showing.

Washing with a thin grout immediately after removal of forms is
beneficial to some extent, and if the layer is not of appreciable thickness
8o as to form a continuous film it will not scale off.

A layer of special mortar is sometimes placed next the forms by means
of a movable sheet-steel diaphragm which is inserted in the form and
kept the required distance from the face by suitable spacing blocks. The
concrete and mortar are now filled in simultaneously, and the diaphragm
is raised as the work proceeds, so that it is always only a few inches below
the surface. In this manner the two mixes come into contact with each
other before setting begins and the bond will not be imperfect.
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A “rubbed finish” is sometimes obtained by removal of the forms
while the concrete is still green and rubbing with a wooden float. A
“tooled finish” is sometimes produced after the concrete has partially
hardened, by use of the tools which are used in finishing stone. A
‘“brushed finish” is produced by brushing the green concrete with a
stiff wire brush, after which a dilute solution of hydrochloric or muriatic
acid is applied with a brush. The acid thoroughly cleans the stone and
brings out the natural colors, but must be immediately removed by slush-
ing with water. Otherwise acid discoloration will occur.

116. Depositing under Water. In many classes of subaqueous con-
crete construction it is possible to use cofferdams or caissons from which
the water may be excluded. The placing of the concrete will then not
differ materially from methods commonly used on land. When such
methods are not feasible, the problem becomes one of considerable difficulty.

Cement, sand, and stone are heavy enough to sink in water, but the
laitance and some cement which is not immediately hydrated will be
floated away. This therefore represents a considerable loss of cement.
The problem is entirely one of placing the concrete in its final pasition
under water without allowing the excessive formation of laitance or wash-
ing out of cement.

Many methods have been used with a greater or lesser degree of suc-
cess, among which the following may be mentioned:

The ‘“tremie,” a device often used, consists of a large tube of wood
or sheet metal, so constructed as to make its length adjustable, and pro-
vided with a hopper at the top. In use the tremie is supported vertically
in the water by barges or derricks, provision being made for horizontal
movement of the tube over the area occupied by the work. The lower
end is allowed to rest on the bottom or is closed by a valve arrangement,
and the tube is filled with concrete. The tremie is now lifted a short dis-
tance and the concrete allowed to cscape as the device is moved over
the required area. A layer of concrete of any desired thickness is thus
deposited, the tube being kept continuously filled to a point above the
water line. This method does not entirely prevent the formation of lai-
tance and loss of cement, but it has been found satisfactory on many
large works.

Buckets, so constructed as to allow the material to flow out from the
bottom, the top being closed, are used in a manner similar to the use of
the tremie. A derrick lowers the closed bucket into place, the bottom
doors are opened, and the material cscapes as the bucket is hoisted.
Buckets so used are usually of large capacity, since if several yards of
concrete escape at once the msterial compacts better with less loss of
cement.
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Bags of all kinds, from paper to burlap and heavy jute, have been
employed in depositing subaqueous concrete. Paper bags are usually of
a brown paper which is destroyed shortly after immersion. Cloth bags
are not removed or destroyed but, the cloth being very porous, enough
cement escapes to bind the bags quite firmly together. Bags are never
filled completely, as it is desirable to have them pack together closely.

Concrete is sometimes mixed and deposited in water altogether dry,
sacks or buckets being used. This method is entirely unsatisfactory,
as the escape of cement is very great and it is impossible to obtain as
uniform and dense a concrete as is obtained by any of the above methods,
using concrete mixed with water in the usual manner.

THE MAKING OF CONCRETE UNDER SPECIAL CONDITIONS
LAYiING CoNCRETE IN FREEZING WEATHER

117. Effect of Low Temperatures. Low temperatures have a marked
effect in increasing the setling time of cement. If water in concrete or
mortar freezes before the cement has set, it is not available for the chemi-
cal action of setting and hardening and hence the concrete or mortar will
not set at all until the ice melts. The above facts must be borne in mind
when removing forms from concrete placed during cold weather.

If the temperature hovers above the freezing-point for some time
after concrete is deposited, there is a possibility of the water drying out
before the greatly delayed setting has taken place. If, however, the
concrete has begun to set before the temperature drops considerably be-
low the freezing-point, the expansion of the water in solidifying produces
an expansive force in excess of the cohesive strength of the green concrete.
This action results in destruction of the bond and crumbling of the con-
crete when the ice melts.

If the temperature does not fall more than a degree or two below
freezing, the result may simply be the further delaying of the set without
appreciable injury. This is possible because the water may not have
frozen, owing to the chemical heat of combination afforded by the slowly
setting cement.

118. Methods of Concreting in Freezing Weather. ‘Concrete
should not be mixed or deposited at a freezing temperature, unless special
precautions are taken to avoid the use of materials containing frost or
covered with ice crystals, and to provide means to prevent the concrete
from freezing after being placed in position and until it has thoroughly
hardened.”

Work may be carried on during freezing weather by either of two
methods — keeping the materials and the work at a temperature above
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the freezing-point until the concrete has had time to set, or, for tem-
peratures only a few degrees below freezing, by the addition to the water
used in mixing of a substance which lowers the freezing-point of water.

The first method is more generally recommended and used. The
sand and stone are heated by piling them over heated iron conduits or
steam pipes, and the water is heated in a large supply tank fitted with
steam coils. Care should be taken not to have the materials too hot.

The work may be protected from frost by covering with earth, canvas,
hay, boards, cte., if the temperature falls but very little below freezing,
but in case of heavy frost heat must be artificially supplied. A common
but rather unsatisfactory method consists in covering the top of the
work to a depth of several inches or a foot with manure, which is in turn
covered with boards or canvas. The chemical action of decomposition
of the manure is a source of sufficient heat to prevent frost reaching the
work.

. When the work is in the nature of a building or structure of limited
extent it is practicable to house it in with sheathing or canvas. Fires'
are then kept going continuously in salamanders within the enclosure,
thus keeping the temperature above freezing.

The second method, by reducing the freezing-point of water, is not
generally considered as favorably as the above-described methods, but
is cheaper and hence often used. Common salt or calcium chloride is
most commonly used. Approximately 1 per cent of salt in the mixing
water lowers the freezing-point 1° F. (0.55° C.). Beyond 10 per cent salt
becomes ineffective and injurious. Alcohol, glycerine, and other chemi-
cals have an effect similar to that of salt in reducing the freezing-point
of a water solution. All are, however, less effective than salt, and the
latter being cheaper is commonly preferred .

CoNCRETE IN SEA WATER. EFrFECT OF ALKALI ON CONCRETE

119. Action of Sea Water on Concrete. The behavior of concrete in
sea water is a problem which has occupied much of the attention of engi-
neers for many years. The question has often been discussed, and many
attempts have been made to determine experimentally the exact action
of sea water upon concrete, and the causes of that action.

Many concrete structures in sea water have remained intact and
uninjured for many years; a few, constituting a small minority of all
marine structures built, have been injured or destroyed under the same
conditions. In view of the conflicting results obtained experimentally
it is difficult to explain why certain marine structures remain sound
indefinitely, while others disintegrate more or less rapidly.
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It is known that the salts in the sea water (magnesium sulphate, mag-
nesium chloride, sodium chloride, and calcium sulphate) react in some
way with the constituents of cement. It appears further that cements
high in free lime or especially high in alumina are especially subject to
the destructive attack of the salts in the sea water.

The chemical action is accompanied by various physical phenomena:
sometimes the mass swells, cracks, and gradually falls apart, sometimes
the mortar softens and gradually disintegrates, and occasionally a crust
forms on the surface which later cracks off. Often the disintegration is
facilitated by freezing or by imperfect construction, especially when
proper means have not been taken to prevent the inclusion of the laitance,
which forms to a much greater extent in salt water than in fresh water.

120. Expedients Adopted to Prevent Injury by Sea Water. Fore-
most among the precautionary measures to be taken in the construction
of marine structures of concrete is the securing of as dense and imper-
meable a concrete as possible.

An outer shell of especially dense materials is sometimes used with
good results on marine structures. In this case a few inches of rich
mortar (1 :2 or 1:24%) is made to enclose and protect the inner portion
of the concrete. It is necessary that this outer layer be cast at the same
time as the inner portion in order that there may be a perfect bond between
the two mixes.

Sometimes certain substances, such as barium chloride, are dissolved
in the mixing water for the mortar used on the outer shell. These, upon
contact with the salts of the sea water, form insoluble sulphates which
tend to close the pores in the mortar.

Sesquicarbonate of ammonia or magnesium fluosilicate is sometimes
used as a coating applied to the face of the finished work by brush or spray.
These tend to form an impervious film of carbonate of lime in the one
case, and insoluble calcium fluoride and lime silicate in the second case,
thus stopping the pores. These methods remain effective only so long as
the impervious coating remains intact.

121. Effect of Alkali on Concrete. The effect of alkali on concrete
is a problem resembling in many respects that of the action of sea water
on concrete. The problem is of especial interest in connection with con-
crete construction in the arid regions of the West, where soluble salts are
present on the soil to an extent not usually found elsewhere.

The principal salts encountered in alkali waters usually include:
magnesium sulphate, calcium sulphate and sodium sulphate, magnesium
chloride, sodium chloride, and potassium chloride, together with carbon-
ates of magnesium, sodium, and potassium. Of these the sulphates
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appear to be most active in causing disintegration of concrete; the chlo-
rides also are active, while the carbonates appear to be without effect.

From the physical point of view the action resembles the action of
frost, except that it is more rapid. There exists, apparently, a disrup-
tive force which destroys the bond and causes disintegration. This action
appears to proceed most rapidly in the parts of a structure subjected to -
alternate wetting with alkali water and drying in the air. In porous
concrete the action proceeds much more rapidly than in dense concrete.

The remedy is, as in the case of marine structures, the securing of the
densest possible concrete, thus preventing injury by the exclusion of the
salt-bearing waters.

CONCRETE WHERE WATER-TIGHTNESS 18 REQUIRED

122. Proportioning the Mixture. The permeability of concrete is
closely related to the porosity or void content, but the relationship is
not always direct and by no means constant, since the continuity and
size of the pores determines permeability more than does the actual per-
centage of voids.

Dense concrete may be most readily obtained by a careful propor-
tioning of the mixture based on careful selection and mechanical analysis
of the aggregates. Usually only the outer layer having a thickness of a
few inches need be thus carefully proportioned. It may even be advis-
able, for this outer shell, to use a mortar of 1 : 2 mix, in which case, with
careful deposition, practical imperviousness against small heads may be
secured. .

123. Use of Waterproofing Compounds. Waterproofing compounds
may be classed in two general divisions: Inert fillers — that is, those
materials, such as clay, finely ground sand, hydrated lime, etc., which serve
simply as void fillers and do not have any action upon the cement nor
change in themselves — and active fillers, which react with certain of
the constituents of the cement to form inert insoluble compounds, or in
the presence of the cement react with water and precipitate insoluble
compounds. In this latter class are included many patented compounds
all consisting essentially of stearic acid combined with soda and potash
or lime.

Inert fillers are added to the dry cement before mixing the mortar
or concrete in percentages usually amounting to from 10 to 20 per cent
of the weight of the cement. Active fillers are also mixed with the dry
cement before mixing, but the percentage used is not often more than 2
per cent by weight of the cement. Upon the addition of water to a stear-
ate of lime, a lime-soap is formed which is insoluble in water. In case
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the stearic acid is combined with soda or potash, instead of lime, the soda-
soap or potash-soap is readily soluble, and these must combine with the
lime in the compound to form the insoluble lime-soap. This is readily
accomplished, since the stearates in the compounds never amount to
more than a very small percentage, the greater part of the material being
hydrated lime and magnesia.

All of the inert fillers are fairly effective in reducing permeability,
clays being slightly more effective than ground sand or feldspar. The
active fillers are also usually more or less effective in reducing permea-
bility, though often to a lesser degree than some of the inert materials.
The inert fillers have little effect upon either tensile or compressive strength
of mortars and concretes. The active fillers, on the other hand, usually
reduce both the tensile and the compressive strength of rich mortars and
only in very lean mixtures is their mjurious effect upon strength no longer
noted. : '

Hydrated lime used in amounts not exceeding 10 to 15 per cent of
the cement is one of the best materials for waterproofing concrete avail-
able. Its action appears to be chiefly mechanical, in that it produces a
fat, viscous mortar in which separation of sand and cement is reduced
to a minimum and a uniform dense concrete secured.

124. Layers of Waterproof Material. Layers of waterproof paper
or felt applied with a coating of coal tar or asphalt are sometimes used
as an impervious course in underground concrete walls, floors, etc. As-
phalt is much superior to coal tar, since the latter deteriorates when long
exposed to moisture. The asphalt is spread hot on the concrete already
placed, followed by alternate layers of paper or felt and hot asphalt.
Usually the waterproof course is laid 3-ply, 4-ply, or even 5- or
6-ply.

Such a course is finally coated with asphalt again, and the remainder
of the concrete deposited in place at once. A distinct joint in the masonry
is necessarily formed in the plane of the impervious course, and this fact
must not be overlooked in designing walls and floors in which a water-
proof layer is incorporated.

126. Surface Treatments for Waterproofing. The principal classes
of coating compounds are the following:

04l Paints and Varnishes. These are usually not specially made for
use as cement paints, but are ordinary paints consisting of resins, pig-
ments, driers, etc., mixed with linseed oil. They are superficial, inelastic,
ghort lived, and of little value.

Bitumens. These include asphalt, petroleum residuum, and coal-tar
pitches. All are applied as a hot liquid, with or without waterproof paper
or felt, and become solid at ordinary temperatures. Bitumens give fairly
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satisfactory results owing to their great elasticity and durability except
when exposed to the weather.

" Liquid Hydrocarbons. These include solutions of paraffin in benzine
or benzol, and emulsions of petroleum oil or fat in water secured by the
use of ammonia. They are superficial, but may prove effectual until
their efficiency is destroyed by the opening up of small surface cracks.on
the face of the masonry.

Soaps. Soaps are used either solid or in solution, and also in connec-
tion with alum. They are soluble in water, so their efficiency is limited
to the possibility of chemical action resulting in the formation of insoluble
lime-soap.

Cements in which Water-repellent Material has been Incorporated during
Manufacture. These may be used as an exterior coating, or they may be
incorporated in the entire concrete. They differ in no respect from ordi-
nary cement with which one of this class of waterproofing compounds
has been mixed just prior to concrete or mortar mixing, and hence need
not be separately discussed here.

The physical properties of concrete are discussed in Chapter I of this
section.



SECTION 3

CHAPTER 1

BUILDING STONES, STONE MASONRY AND ROAD METAL

BUILDING STONES

1. Stone as a Structural Material. The term “building stone ” is
applied to all those classes of natural rock which are employed in masonry
construction. Stones form, with the exception of timber, the only im-
portant class of materials which may without alteration of their natural
state be used directly in the construction of engineering works.

Aside from purely structural uses, great quantities of stone are utilized
on other kinds of engineering construction such as for flagging and curb-
ing, for paving blocks and as crushed stone for road building, railroad
ballast and concrete aggregate.

2. Classification of Rocks. Geological Classification. In the usual
geological classification rocks are divided into Igneous Rocks formed by
consolidation from a fused or semi-fused condition; Sedimentary Rocks,
formed by the solidification of material transported and deposited by
water; and Metamorphic Rocks, which are formed by the gradual change
of the structure and character of igneous or sedimentary rocks through
the agency of heat, water, pressure, etc. Granite, greenstone, basalt,
and lava are common examples of igneous rocks; sandstone, limestone,
and shale, of sedimentary rocks; and gneiss, marble and slate, of meta-
morphic rocks:

The geological classification has only a limited bearing upon the con-
sideration of rocks as building stones. Igneous rocks are usually non-
laminated and more or less crystalline in structure; sedimentary rocks
are distinctly stratified, having, therefore, original cleavage planes; meta-~
morphic rocks may or may not be laminated, depending upon the pressure
encountered during metamorphism. Most of the metamorphic rocks
which have been changed largely through the agency of pressure, water,
and heat are crystalline in structure.

Physical Classification.* With respect to the structural character of

* 1. O. Baker, “Masonry Construction.” Baker uses the term ‘“stratified” in a

broad sense to include both bedded sedimentary and banded metamorphic rocks.
31
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large masses, rocks are divided into stratified and unstratified. The struc-
ture of unstratified rocks is, for the most part, an aggregate of crystalline
grains firmly adhering together. Granite, trap, basalt, and lava are
-examples of this class.

Stratified rocks may be divided into the following classes acoordmg
to physical structure:

Compact crystalline structure (marble).

Slaty structure (clay and hornblende slate).

Granular crystalline structure (gneiss, sandstone)

Compact granular structure (blue limestone).

Porous granular structure (minute shells cemented together).

Conglomerate (fragments of one stone embedded in mass of another).

Chemical Classification. Stones are divided according to the chemical
nature of their predominating constituents into the following three classes:

Siliceous.stones, in which silica is the predominating chemical con-
stituent. (Granite, syenite, gneiss, mica-slate, greenstone, basalt,
porphyry, quartz-rock, hornblende-slate, and sandstone.)

Argillaceous stones, in which alumina is the important constituent.
(Slate, and graywacke-slate.)

Calcareous stones;in which carbonate of lime is the predominating
constituent. (Marble and limestone.)

STONE QUARRYING AND CUTTING

8. Methods of Quarrying.* After the exposure of rock by the strip-
ping of the surface soil the quarrying is done by hand tools, by machine
tools, by the use of explosives, or by a combination of two or more of
these methods.

Hand Methods. Hand methods may be employed when the stone
occurs in thin beds. Such stone, which is usually inferior in quality,
may be taken out by use of the drill and hammer, wedges, plug and
. feathers, pick, crowbar, etc. Holes § to § inch in diameter are drilled
a few inches apart in rows. The rock is thereupon split in the plane of
the holes by the driving in of wedges or by use of plug and feathers. The
plug is a short steel wedge with plane faces, and the feathers are wedges
having one cylindrical and one plane side. When a plug is inserted be-
tween two feathers the three will slip into a cylindrical hole, and a great
splitting force in one direction only may be cxerted by driving the plug.

Machine Methods. The use of machinery driven by steam, com-
pressed air, or electric motors, is usually combined with hand methods

* See also Bull. 108, Dept. Int. Bureau of Mines. ‘“The Technology of Marble
Quarrying.”
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whenever quarrying operations are conducted on any but a very small
scale. The commonest application of power-driven machines in the
quarry lies in the use of machine drills which cut much more rapidly than
hand drills and are usually arranged to work at any angle.

When it is desirable that the stone be removed in rectangular blocks
advantage is always taken of the natural cleavage planes of the rock.
The quarry is worked in benches, the width of which correspond to the
dimensions of stones that can be handled, and the height of which corre-
sponds to the thickness of the rock strata. Rows of holes are drilled
parallel and perpendicular to the edge of the bench, wedges or plug and
feathers are then inserted in the holes, and the blocks of rock thus split
"along the planes of the holes. ‘Under-cutting,” the drilling of a series of
horizontal holes, is resorted to when not rendered needless by the stratifica-
tion of the rock.

When the rock need not be removed in large or rectangular blocks,
particularly when the rock is to be subsequently crushed for road stone,
ballast, or concrete aggregate, explosives may be used in the drilled holes.

When stone is quarried for building and monumental purposes on a
scale sufficient to justify the use of more elaborate mechanical equipment
than the ordinary machine drills, or when very large rectangular blocks
of stone are desired, it is the practice to use a special machine called a
“channeler.” The channeler is a machine operating on rails or guide
bars, which operates a gang of cutters with which long and deep, but
narrow, channels are cut as the machine slowly moves along. The sides
of large blocks are thus freed, and the blocks are subsequently freed from
their beds by wedging, or undercutting and wedging, as may be necessary.

4. Stone Cutting.* Surface Dressing. All stones used in building
come under one of three classes:

I. Rough stones.
II. Stones roughly squared and dressed.
III. Stones accurately squared and finely dressed.

The first class includes all stones used as they come from the quarry
without any special preparation.

The second class includes stones roughly dressed on beds and joints
with the face hammer or axe. The distinction between this class and
the third class lies in the closeness of the joints. When the dressing on
the joints is such that the general thickness of mortar required is 4 inch
or more the stones properly belong to this class. '

Three subdivisions of this class may be made, depending on the char-
acter of the face of the stone:

* A description of stone cutting tools and their use in dressing stone may be found
in Vol. 6, Trans. Am. Soc. C. E., also in Baker’s ‘“Masonry Construction.”
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Quarry-faced stones are stones whose faces are left untouched as they
come from the quarry.

Pitch-faced stones are those the edges of whose face are made approxi-
mately true by use of the pitching chisel.

Drafted stones are those whose faces are surrounded by a chisel draft,
the space inside being left rough. This method is not ordinarily used on
this class of stones. :

The third class includes all stone dressed to smooth beds and joints -
8o that the thickness of mortar joints is less than } inch.

As a rule all of the edges of cut stone are drafted. Inside the draft
any of the following methods of dressing the face may be used.

Rough pointed; projections } or 1 inch. (Used on limestone and
granite.)

Fine pointed; projections less than  inch.

Crandalled; effect same as fine pointed except that the tool marks are
more regular, }-inch projections.

Axed; or pean-hammered; face covered with parallel chisel marks.

Tooth-axed; same finish as fine pointed.

Bush-hammered; (usually used only on limestone), follows rough
pointing and tooth-axing.

Rubbed; sawn surfaces smoothed by grit or sandstone (used on sand-
stones and marble).

Diamond panels; face inside of draft cut to flat pyramidal form.

PROPERTIES OF BUILDING STONES *

GENERAL DESCRIPTION OF STONES

6. Granite. Granite is the term applied to a plutonic,t igneous
rock, whose structure varies from finely granular to coarsely crystalline.
Its principal mineral constituents are quartz and feldspar, with varying
amounts of mica, hornblende, etc. Its prevailing color is gray, though
greenish, yellowish pink, and red shades are found more or less frequently.

Granite is more extensively used as a building stone than any other
class of igneous rock. It works with difficulty, due to its hardness and
toughness, but its quarrying is usually facilitated by the existence of
planes of weakness, the ‘“rift ”’ extending either in vertical or horizontal

* For detailed information concerning building stones consult ‘“Stone for Build-
ing and Decoration” by G. P. Merrill. Also see ‘“Building Stones and Clay Products”
by Dr. Heinrich Ries, and “Engineering Geology’’ by Dr. Ries and Dr. T. L. Watson.

t Plutonic rocks are igneous rocks formed by the solidification of molten material
prior to ite emergence on the earth’s surface; volcanic rocks have cooled on the earth’s
surface.
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planes, and secondary planes, ‘“the grain ”’ along which the rock may be
less readily split at right angles to the rift. As a rule the quarry rock
shows “joints ”’ or fissures in the direction of the rift, and often a second-
ary series of joints exists in the direction of the grain. The removal of
rectangular blocks of large or small dimensions is thus facilitated.

Granite is used for foundations, base courses, columns, and steps in
building construction, and is suitable for any situation where strength
or hardness is required. To a limited extent it is used as an ornamental
stone, its suitability being dependent upon color and texture. Granite
of excellent quality may be obtained in any of the New England States,
in most of the Southern States, in the Rocky Mountain Region, and in
California and Minnesota.

6. Gneiss. Gneiss has the same composition as granite and resembles
granite in appearance but differs in physical structure, the various con-
stituents being arranged in more or less parallel bands. The rock therefore
splits readily into flat slabs, which renders quarrying less expensive than
in the case of granite and makes the stone valuable for foundation walls,
street paving, curbing, and flagging. It is found in the same general
localities as granite.

7. Limestones. The term limestone is commonly applied to all
stones which, though differing from one another in color, texture, structure,
and origin, possess in common the property of containing carbonate of
lime (calcite) or calcite and the. double carbonate of lime and magnesia
(dolomite) as the essential constituent. In addition they contain as im-
purities oxides of iron, silica, clay, bituminous matter, talc, ete. Different
limestones may be listed according to structure and composition and
mode of origin under the following heads:

8. Crystalline Limestone or Marble. The term ‘“marble” is com-
monly applied to any limestone which will take a good polish. It is
properly applied only to those limestones which have been exposed to
metamorphic action and rendered more crystalline in structure.

The structure of marbles varies from finely crystalline to coarsely
crystalline. Marbles are found in almost every conceivable color, and
are often richly streaked with several colors. All varieties of marble
work well, the finer grained white marble being especially adapted to
carving. Marble has been used in this country principally for interior
decoration, but many varieties are entirely suitable for exterior construc-
tion. Most of the colored and mottled and veined marbles are imported
into this country. Quantities of white and black marbles are quarried,
however, in Vermont, Georgia, New York, Pennsylvania, Maryland, and
California, and some beautiful colored and mottled marbles are obtained
from Tennessee and Vermont.
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9. Compact Common Limestones. These are usually quite fine-
grained limestones of varying textures and colors, giving rise to many
varieties. The best known and most widely used American limestone
is the Bedford limestone. This is a light-colored, fine-grained, odlitic
limestone (made up of small rounded concretionary grains cemented
together by carbonate of lime). It is a light gray in color, works with
remarkable ease, and hardens on exposure. It has been extensively
used for exterior construction of buildings, for bridge piers, and for heavy
cut-stone masonry in general. It is quarried at Bedford, Indiana, and
Bowling Green, Kentucky. Travertine is a compact fine-grained limestone
deposited on the surface by running streams and springs. The term
onyz or onyx marble is often though incorrectly applied both to travertine
and to stalactite and stalagmite, which are deposits of limestone, often beau-
tifully banded and streaked with colors, formed on the roofs, walls, and
floors of caves.

Onyx marbles (using the term in the sense above mentioned) differ
from marbles of the common type only in that they are purely chemical
deposits rather than products of metamorphism from pre-existing cal-
careous sediments. The travertine varieties are products of deposition

" from hot springs carrying lime carbonate in solution, together with small
quantities of iron and manganese carbonates and other more rarely en-
countered constituents. The stalactite and stalagmite varieties differ
only in manner of formation, being cold-water depositions made on the
roofs, walls, and floors of limestone caves. Both varieties owe their
banded structure and variegated colors to the intermittent character of
the deposition and the varying content of impurities like the metallic
oxides.

The onyx marbles are considered the most beautiful of decorative
stones, they cut readily and take a hlgh finish, and are largely used for
interior decorations.

A large part of the onyx marble used in the United States is imported
from Mexico. There are, however, important quarries in Arizona and
California. The foreign onyx comes largely from Algeria and Italy.

10. Sandstones. ‘‘Sandstones are composed of rounded and angu-
lar grains of sand so cemented and compacted as to form a solid rock.
The cementing material may be either silica, carbonate of lime, an iron
oxide, or clayey matter.” *

Sandstones vary greatly in color, hardness, and durability, but include
many of the most valuable varieties of building stone for exterior con-
struction. The qualities of sandstones as a structural material depend

* Merrill, ““Stones for Building and Decoration,” p. 299.
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largely upon the character of the cementing material, the character of
the sand grains being very nearly the same for all, i.e., a pure quartz.
If the cement is siliceous the stone is light colored, hard, and sometimes
. difficult to work, but very durable. If iron oxides comprise the greater
part of the cementing material, the color is a red or brownish tone and
the stone usually is not too hard to work well, though it does not always
prove very durable. If the cementing material is lime carbonate the
stone is light colored, soft, and easy to work, but less durable than either
of the above varieties. Clayey sandstones are the poorest class. They
are soft and easily cut, but are particularly subject to the disintegration
caused by weathering because of their high absorption. Some sand-
stones contain very little cementing material, but owe their strength
largely to the pressure under which they have been solidified. Such’
stones are a light gray color, work easily, and if they possess sufficient
cohesive strength, are very durable. A few sandstones contain varying
amounts of grains of feldspar or mica, in which case they are inferior to
ones the grains of which are entirely quartz. The following are the prin-
cipal well-known sandstones in this country:

The brownstones of Connecticut, Massachusetts, Pennsylvania, New
Jersey, North Carolina, and a few other localities, are handsome dark
reddish-brown stones, fine grained, easy to work, and capable of taking
a good “rubbed” finish. With the exception of the Massachusetts
stone, they occur in distinctly laminated beds and must be used on their
natural beds. These stones, having iron oxides for a great part of their
cementing material, are usually subject to the disintegrating effect of
atmospheric agencies and therefore do not usually rank especially high
in durability.

The Ohio stone, Berea sandstone, or Amherst stone is a fine-grained
light buff, gray, or blue-gray stone having silica for the most part as its
cementing material, the amount of cement being low. These stones
cut and work readily, are well adapted to carving, and, when those por-
tions containing iron pyrites are excluded, are very durable. The prin-
cipal quarries are located at Ambherst, and at Berea, Ohio, and the stone
has been largely used in the cities of the Middle West.

The Waverly stone is a fine-grained homogeneous stone of a light
drab or dove color, quarried only in the vicinity of Cincinnati, Ohio.
It is sometimes called the Euclid bluestone. It resembles the Ohio stone
except that it has a finer and more compact texture. It works easily
and, except for portions containing iron sulphides, is a handsome and
durable stone.

The Potsdam red sandstone from Potsdam, New York, is composed
wholly of quartz grains cemented by a small amount of silica with just
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enough iron oxide to give it a reddish or brownish-red color. It is fine-
grained, handsome in appearance, works well though rather hard, and is
the strongest and most durable of sandstones after becoming hardened:
by seasoning. Its composition being practically quartzite, it is as strong
as granite, and particularly non-absorptive, making it practically proof
against all disintegrating influences.

The Lake Superior stone is a Potsdam stone of medium fineness. It
has a light red-brown color and is often spotted gray. It is quarried
largely at Marquette, Michigan. This stone resembles the Potsdam
stone of New York, except that it has rather more cementing material
and therefore is not quite as hard and strong. It works well and is very
durable.

The Medina sandstone of Western New York is a hard moderately
fine-grained stone, either red or gray in color. The red variety resembles
the Potsdam stone, except that it is not so fine in texture, and is similarly
used. The gray variety is rather too hard to work for general building
purposes, but is largely used for street paving and curbing, where it has
the advantage of some other hard stones, like granite or trap, in that it
does not wear smooth.

The Rocky Mountain sandstones include many varieties of excellent
building stone. The best-known ones are very fine-grained, soft-textured
stones of a dark-brown color. They work well, take a good ‘rubbed ”
finish, and are fairly durable.

11. Slates. Ordinary slate is a siliceous clay, compacted and more
or less metamorphosed after deposition as fine silt on ancient sea bottoms.
The pressure due to thousands of feet of overlying material is largely re-
sponsible for the solidification of the clay into rock having very marked
cleavage planes. The most valuable characteristic of slate is its pro-
nounced tendency to split into thin sheets having smooth regular surfates.
The non-absorptiveness of slate, its great toughness and mechanical
strength and its non-conductiveness for electric currents, are other valu-
able attributes. Slate must be split while fresh from the quarry, and
the quarry loss amounts to more than 60 per cent of the rock.

PuysicaAL AND MECHANICAL PROPERTIES oF BUILDING STONES

12. Selection of Building Stone. The selection of a proper stone
for construction purposes is dependent to a great extent upon the climate
where the stone is to be used. The range of changes of temperature,
the average humidity of the atmosphere, the possibility of acid fumes in
the atmosphere of many cities, and the possibility of the stone being
subjected to high temperatures by fire are among the considerations
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which must be carefully taken into account. Very often the only con-
siderations given weight by an architect are the cost and the appearance.
He is very likely to take great care in securing a color which harmonizes
with the general scheme of the structure on which it is used, while wholly
overlooking the question of satisfactory weathering qualities.

The actual mechanical strength of stone is seldom of great importance
because of the fact that stones in masonry structures can never be loaded
to their full capacity because of the comparative weakness of the mortar
joints.

: 13. Properties of Various Stonmes. Durability. The durability of
stones depends upon ability to withstand weathering agencies, and the
structure, texture, and mineral composition are the real determining
factors. Joint planes, cracks, or other structural imperfections afford
an opportunity for water to enter and for disintegration to begin through
frost action. Stones of coarse-grained texture are more subject to the
disintegrating influence of temperature changes than fine-grained ones,
and dense stones, owing to their practical imperviousness, are less likely to
be injured through frost action than are porous ones. Of the mineral
compounds which make up our common rocks, sulphides are among the
least resistant to weathering agencies; iron compounds in general are un-
desirable in large quantities; calcium and magnesium carbonates weather
rather rapidly; aluminates weather less rapidly; silicates or silica are
most resistant to decay. The fact must not be overlooked in this connec-
tion that the three factors, structure, texture and mineral composition, are
simultaneously operative so that a very dense fine-grained stone made up
principally of carbonate may weather well, while a porous or structurally
imperfect stone made up principally of silica may weather poorly.

The estimated life of various building stones is indicated by the fol-
lowing table quoted by Ries and Watson * from the observations made
by A. A. Julian in New York City.

Kind of stone. Life in years,
Coarse brownstone. ...............ciiiiiiiiieeiiiinnnn. 5to 15
Fine laminated brownstone....................c..oveen, 20to 50
Compact brownstone. ...............coocvviiiiininnanns 100 to 200
Bluestone (sandstone) untried..................... Perhaps centuries
Coarse fossiliferous limestone. ....................... ... 20 to 40
Fine oélitic (French) limestone........................... 30to 40
Marble, coarse, dolomitic.................co0vvviiiiaina., 40
Marble, fine, dolomitic...................c.cvviiiinnn.. 60to 80
Marble, fine........coviiiiiiiieii ittt 50 to 100
L . T 75 to 200
L N 50 years to many centuries

* “Engineering Geology,” p. 432,
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Absorption. The absorption or absorptive power of stones is repre-
sented by the weight of water that can be absorbed expressed as a per-
centage of the dry weight of the stone. Absorption is directly dependent
upon the porosity of stones, though this relation is not necessarily any
fixed ratio. The gain and loss of moisture when a stone is first exposed
in a damp or wet situation, and then dried, will be most rapid if the pores
are large or straight, and least rapid if they be small or tortuous.

It appears from tests * that the absorption of igneous and meta-
morphic rocks rarely exceeds 3 of 1 per cent. The sandstones absorb at
least ten times as much as granites, marble and slate and the limestones
absorb even more moisture than the sandstones.

Expansion and Contraction. Stones, like most other materials, expand
upon being heated and contract when cooled. Unlike most other ma-
terials, however, they do not quite return to their original volume when
cooled after heating, but show a swelling which is permanent. Experi-
ments made at the Watertown Arsenal by heating from 0° to 100° C.
(32° to 212° F.) and cooling through the same range, showed the per-
manent increase in length for the various stones tested to be from 0.02
per cent to 0.045 per cent.

The coefficient of temperature expansion per degree Fahrenheit for
various building stones was found in a series of tests at the Watertown
Arsenal to be very variable, the range of values found being as follows:
Granites, 0.00000311 to 0.00000408; limestones 0.00000375 to 0.00000376;
marbles 0.00000361 to 0.00000562; sandstones 0.00000501 to 0.00000622.

Frost Resistance. Stones can be disintegrated by frost action only
when the pores are practically filled with water before exposure to freezing
temperatures. As stones seldom are used under such conditions that the
maximum amount of water is absorbed, instances of injury to good build-
ing stones by frost action are very rare. Experimental work on the
resistance of stones to disintegration by frost indicates that the pores
can be filled with water, so that the subsequent expansion upon freezing
will cause rupture, only by the use of high pressure or by first exhausting
the air by a vacuum. It will be apparent therefore that only stone of
the greatest absorptive power combined with low structural strength can
ever be injured by frost action under the conditions encountered in
practice. '

Fire Resistance.t Practically all building stones are seriously injured
if exposed to such high temperatures as may be encountered in case of
fires, and particularly so if exposed to the combined action of fire and
water. The cause of disintegration is usually explained to be the internal

* ‘“Engineering Geology,” p. 437.
t “Engineering Geology,” p. 446.
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stresses caused by unequal expansion of unequally heated portions of
the material. This explanation is rendered more forcible by the observed
fact that if highly heated stones be suddenly cooled on the exterior by
application of water, the resultant disintegrating action is much more
pronounced than when the cooling is slow. The texture of the stone
and the relative coefficients of expansion of its individual mineral con-
stituents probably are also factors of importance.

Experience has shown that granites are particularly poor fire resist-
ants. Probably on account of the irregularity of the structure and the
complexity of the mineral composition, granites crack irregularly and
spall badly. The coarse-grained granites are most susceptible to the
action of fire and water, and the gneisses often suffer even more severely
 because of their banded structure.

Limestones suffer little from heat until a temperature something
over 600° C. (1112°F.) is reached, at which point the decomposition of the
stone begins, owing to the driving off of carbon dioxide. The stone then
has a tendency to crumble, due to the flaking of the quicklime formed.
Curiously enough the hmestones do not suffer so much by sudden cooling
as by slow cooling.

Marbles, owing to the coarseness of the texture and the purity of the
material, suffer more than limestones at temperatures below the point
where calcination begins. The cracking is irregular and the surface
spalls off as in the case of granites. .

.Sandstones, especially if of a dense, non-porous structure, suffer from
high temperatures and sudden cooling less than most other building
stones. The cracking of sandstones which does occur, appears mostly
in the planes of the laminations, which should be horizontal planes as the
stone is set. These cracks are therefore not as serious as irregular cracks.
Sandstones whose cementing ingredient is silica or lime carbonate are
better fire resistants than ones whose grains are bound by iron oxide or
clay.

Mechanical Properties of Stones. The following tabulation of mechan-
ical properties of the principal classes of building stone has been com-
piled from the Watertown Arsenal Tests of 1894 and 1895 to serve as
an approximate guide in the selection of a building stone.

It will be noted by reference to the table that the properties of the
different varieties of building stones of the same general class vary
greatly. It is, therefore, not advisable to use the average strength indi-
cated, except in a very general way, the safe working stress being deter-
mined by the use of a large factor of safety. (Taken at from 15 to 35,
depending upon the structural use made of the stone, and the amount
of variation shown in tests of the particular variety of stone used.) For
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MECHANICAL PROPERTIES OF BUILDING STONES

Name. Locality.

GRANITE:
Little Rock, Ark............
Millbridge, Me..............
Chesterfield, Va.
Korah, Va.......
Exter, Cal..... .
Rockville, Minn.
Sioux Falls, Minn..
Troy, N.H...... .
Branford, Conn.............
Milford, Mass...............

MARBLE:
(White) Rutland, Vt........
§Blue) Rutland, Vt..........
Dark) Rutland, Vt.. ... ..
Sutherland Falls, Vt.........
(Fossil) St. Joe, Ark.........
(Brown), St. Joe, Ark.......
(White) De Kalb, N. Y......
Marble Hill, Ga.............
Tate,Ga....................

LIMESTONE: :
La Motte, Vt...............
Dodge Co., Minn...........
Junction Cy., Kan..........
Fort Riley, Kan.............
Beaver, Ark................
Mt. Vernon, Ky.............
Rockwood, Ala..............
Bowling Gr., Ky............
Bedford, Ind

Average................
SANDSTONE:

Cabin Creek, Ark.. .
Fort Smith, Ark.
Redfield, Kan...............
Qakland, Cal................
Coos Co.,Ore...............
Olympia, Wash..............
Chuckanut, Wash...........
Tenino, Wash...............
Pittsburg, Wash............

'tCompii Mo;!. of Sthearinhg Weight Mod. of elas.
T8 . rupture. strength. . . N
Lb:_nper Lba. por | Tbs. per Lbs. Per | 1y por sq. in.
8q. in. 8q. in. 8q. in.
21,559 1520 2205 156.2 7,040,000
19,917 2048 2820 | ....... 9,800,000
15,350 1672 2065
23,446 1608 2662
22,557 1853 2419
18,121 1327 1949
18,176 1216 2086
26,174 2169 2214
15,707 1249 1834
21, 1545 2311
20,224 1630 2257
11,892 1247 1023
13,864 2057 1217
12,833 1759 1453
16,156 2293 1565
10,312 1615 | .......
12,278 1614 | .......
12,497 839 | .......
11,505 1038 1332
12,425 1079 1315
12,640 15056 1318
14,622 1640 2173
4,522 253 1135
3,173
....... 528 1022
20,581 2707 1998 | ....... 6,645,000
7,647 1314 1705 139.1 4,000,000
5,957 690 978
y 1058 1211 | ....... 9,290,000
9,918 1736 1119 | ....... 7,160,000
9,058 1241 1418 139.1 8,363,000
16,894 1872 1526 | ....... 7,711,000
10,004 941 1199 133.8 1,582,000
15,630 1889 2202 | .......
12,547 868 1555
18,468 1666 2479 3,900,000
12,765 1473 1765 3,530,000
8,027 2088 1940
11,041 1063 1626
Mmoo 1248
12,655 2185 1643 | ....... 3,277,000
11,533 1488 1809 | ....... ,120,000
,688 495 1226 | ....... ,020,000
19,208
12,531 1457 1685 133.8 3,306,000
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all situations involving high stresses, as in the case of monolithic columns
in buildings, the stone should be chosen only after tests have been made
of the particular stones under consideration.

STONE MASONRY

14. Classification. Stone masonry is classed as rubble masonry,
squared stone masonry, or ashlar or cut-stone masonry. ‘Rubble masonry
includes all stone masonry composed of unsquared stones. It may be
uncoursed rubble, Fig. 1, laid without any attempt at regular courses,
or coursed rubble, Fig. 2, leveled off at specified heights to a horizontal
plane.”

Squared Stone Masonry. “According to the character of the face,
this is classed as quarry-faced, Fig. 3, or as pitch-faced, Fig. 4. If laid
in regular courses of about the same rise throughout, it is range work,
Fig. 5. If laid in courses that are not continuous throughout the length
of the wall, it is broken range work, Fig. 6. If not laid in courses at all,
it is random work, Fig. 7.”

Ashlar Masonry. “This 18 equivalent to cut-stone masonry, or
masonry composed of any of the various kinds of cut stone mentioned
above.”

As a rule the courses are continuous, Fig. 8, but sometimes are broken
by the introduction of smaller stones of the same kind and then it is
called broken ashlar, Fig. 9.

16. Compressive Strength. The actual compressive strength of
stone masonry has not been satisfactorily determined experimentally.
The few tests which have been made do not form a sufficient basis for
the determination of the relative strengths of the different classes of
masonry, nor the relative strengths of masonry of the same class when
different kinds of stone are used.

The manner of failure of masonry under compression is almost inva-
- riably by the compressive failure of the mortar, followed by lateral flow
of the latter, thus setting up tensile stresses in the stone which open up
longitudinal cracks. ’

It is obvious that the integrity or a masonry structure is destroyed by
this failure of the mortar in the joints. In fact it is only with the strongest
mortars (such as neat cement) laid in the thinnest possible joints that
the real strength of building stone can be developed. With the common
mortars as generally used the data at hand would tend to indicate a
strength for stone masonry not over two-fifths of the compressive strength
of the stone itself. With thick joints and lime mortars this may fall as
low as one-tenth the strength of the stone.
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16. Allowable Loads on Stone Masonry.

Conservative building laws

recommend about the following values as safe pressures for the different

classes of stone masonry:

ALLOWABLE LOADS ON STONE MASONRY

Kind of masonry.
Rubble, uncoursed, in lime mortar
Rubble, uncoursed, in Portland cement mortar
Rubble, coursed, in lime mortar
Rubble, coursed, in Portland cement mortar
Ashlar, limestone, in Portland cement mortar
Ashlar, granite, in Portland cement mortar

Pounds sq. in.
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STONE AS ROAD METAL

17. General. In highway construction stone may appear as cut
blocks or cobblestone in paved streets; as crushed stone in broken stone
roads, bituminous macadam pavements, and bituminous or cement con-
crete pavements; as sand or gravel in dirt and gravel roads. The desir-
able qualities and characteristics are somewhat variable dependent upon
the type of road, the severity of use and the kind of vehicle commonly
passing over it.

18. Properties. As in the case of building stone the actual crushing
strength is, on the whole, of but secondary importance. The special
qualities most commonly noted for road building stone. are toughness,
resistance to wear or abrasion, and hardness. Occasionally the absorp-
tion, specific gravity and a highly specialized property known as cementing
value may become factors worthy of consideration but generally they are
of very minor importance.

These qualities are determined by special methods of testing which
have been carefully standardized by the United States Office of Public
Roads, and the American Society for Testing Materials. The standards
for comparison are wholly arbitrary and in all cases require special appa-
ratus for their determination.

Toughness is determined from a one inch cylindrical specimen one inch
long. This specimen is fractured by the impact of a two kilogram hammer
transmitted through a standardized plunger. The vertical drop of the
hammer (1 cm. for the first impact) is increased- 1 cm. for each blow.
The number of blows required to produce fracture is the measure of the
toughness. .

Resistance to Wear or the “French Coefficient of Wear ”’ is determined
by rattling 50 pieces roughly cubical and of approximately uniform size,
weighing in the aggregate approximately 5 kilograms, in a closed cylinder
.which rotates about an inclined axis. The loss in weight after 10,000
revolutions may be expressed as per cent but more commonly in terms
of the “French Coefficient ”’ which is 2000 divided by the total loss in
grams.

Hardness is determined by pressing a one inch cylinder endwise against
a revolving disc upon which is fed clean crushed quartz of standard size.
A pressure of 1250 grams is maintained and 1000 revolutions constitute
a test. The hardness is expressed by the relation H = 20 — § W where
W is the loss of weight in grams,

19. Significance of Tests. In all of the above noted tests wide varia-
tion is shown even when made by the same observer and with samples
as nearly alike as it is possible to obtain. There is a tendency at the
present to introduce certain modifications into the methods of testing.
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Until such modifications have been made it is necessary that results of
In general the
following recommended by the Office of Public Roads may be used as a

tests on road material be interpreted somewhat broadly.

guide in the choice of available stone for road material.

Property. Low. Medium. High.
Toughness..................... below 13 13to 19 20 and over
French coefficient.............. below 8 8to 13 14 to 20
Hardness...................... below 14 14 to 17 17 and over

QUALITIES OF ROCK TYPES

20. Trap. Hard, high abrasive resistance, tough, if free from fine
joints and seams. (It should be noted that with the true trap rocks
there are commonly associated, at least commercially, many other more
or less fine grained, dark colored, igneous rocks. These are generally
inferior to true trap, particularly in regard to toughness.) True trap rock

may be used for all classes of modern road construction.

21. Granites and other similar coarse grained rocks are usually lack-
ing in toughness, of moderate wear resistance, and evince great varia-
tion in hardness. In general they should not be used for road surfaces,

except in the form of paving blocks, or in base courses.

22. Sandstones of the better qualities and quartzite are very tough,
show satisfactory coefficient of wear, and are quite reasonably hard.
should be noted that sandstone may be formed with a number of cement-
ing materials of which iron is the most desirable, while lime and clay will
produce weak and soft varieties.)

23. Limestone is somewhat variable in character, much of it is quite

worthless as road material, while certain localities furnish varieties with good
wear resistance and fair toughness though not very hard. :

(It

24. Shales, slates and schists in general are very unsatisfactory as
road material. This is due in part to their foliation, which causes the

rock to break into flakes.

25. Fieldstone must of a necessity be of very heterogeneous character
and hence of variable characteristics. Availability and other exigencies
often lead to its use, frequently resulting in very uneven wear of the

road.



SECTION 4

CHAPTER 1

BRICKS AND OTHER CLAY PRODUCTS

GENERAL

1. Clay Products as Structural Materials. The principal clay-
products used structurally are building brick, paving brick, fire brick,
terra cottas, and various forms of tiles.

Brick may be made from a large number of different classes of mate-
rial, the one essential being that the material be of a mineral nature and
possess a considerable degree of plasticity when dampened. Common
building bricks are usually made of a mixture of clay and sand (to which
coal and other foreign substances are sometimes added), which is mixed
and molded in various ways, after which it is dried and burnt.

Paving bricks are made primarily as a material for street pavements.
Certain classes of paving bricks are largely used, however, as a substi-
tute for building brick.

Fire bricks are of such a nature that they will withstand high tem-
peratures. Their structural uses are largely confined to linings of flues,
stacks, etc.

Terra cotta is made of selected clays in much the same way as ordi-
nary brick. Architectural terra cotta is used for decorative effect on
buildings, and terra cotta lumber and hollow blocks are used for both
interior and exterior walls of buildings and as fireproofing to protect
steel-work.

Tiles, made by burning various clasges of clay, are used in various
forms as roofing tile, wall or floor tile, drain tile, sewer pipe, etc.

2. General Classification of Bricks and Clay Products. The prin-
cipal classes of bricks and other clay products which are used as building
materials are included in the following classified list, in which certain
subdivisions of the materials above mentioned have been made:

Building bricks.
Common building brick.
Face or pressed brick.
Enameled or glazed brick.
Ornamental brick, tapestry brick, and Roman tile.
Hollow brick.
41
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Sand-lime brick (not a clay product).
Paving bricks.
Fire bricks.
Terra cotta.

Architectural.

Terra-cotta lumber.

Hollow building blocks and fireproofing.
Roofing, wall, and floor tiles.
Drain tile and sewer pipe.

MANUFACTURE OF BUILDING BRICK

3. Kinds of Clay. The different classes of clay from the standpoint
of geological manner of formation have been discussed in Section 2 Art. 8.
Of the three general classes, residual, sedimentary, and glacial clays, all
are used for brick making when they possess a sufficient plasticity for
molding and burn to a body of the proper hardness, but sedimentary
clays are most frequently found satisfactory. The following classifica-
tion of sedimentary clays is made by Ries: '

CLASSIFICATION OF SEDIMENTARY CLAYS

Marine clays or shales.

White-burning clays. Ball clays and plastic kaolins.

Fire clays or shales, buff burning.

Impure clays or shales.

Calcareous.
Non-calcareous.
Lacustrine clays (deposited in lakes or swamps).

Fire clays or shales.

Impure clays or shales, red-burning.

Calcareous clays, usually of surface character.
Flood-plain clays (usually impure and sandy).
Estuarine clays (deposited in estuaries, mostly impure and finely

laminated).

Marine deposits of clay often stretch for hundreds of miles with a
depth of 30 feet or more. Their composition is remarkably uniform,
and, except in the case of those which are too high limed or are excess-
ively plastic, include the best clays obtainable for brick manufacture.

Lacustrine and estuarine clays occur in beds of limited extent and
usually of no great depth. They may be sandy and are less advan-
tageous for use in brick-making than are the marine clays.

Flood-plain clays are sometimes very sandy or even contain large
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pockets of pure sand. They are sometimes very calcareous, and cannot
be advantageously used.

4. Influence of Kind of Clay upon Character of the Brick. Most
clays used in brick-making contain, in addition to silicate of alumina,
variable quantities of lime, magnesia, iron oxide, and alkalies. A very
plastic clay is apt to shrink, crack, and warp in drying and be very hard
after burning. The presence of coarse sand in suitable amounts tends to
prevent shrinking and cracking in burning, but an excess of silica in the
shape of sand destroys cohesiveness. Iron oxide acts as a flux and adds
greatly to the hardness and strength of brick. It causes the clay to burn
buff or red in color according to the amount of iron oxide present. Lime
considerably in excess of iron, causes the brick to burn buff and shrink
strongly as vitrification is approaching. The lime must be in a very .
finely divided state so that it will be completely hydrated or fluxed in
the process of manufacture of the brick. The presence of lumps of
unhydrated lime which become hydrated after long periods is the cause
of unsightly defects on brick walls called ‘lime-pops.” Magnesia and
alkalies also act as fluxes.

HAND PROCESSES OF MANUFACTURE

5. Preparation of the Clay. A small proportion of common brick
is still made by hand, and many specially molded brick made for various
special purposes are made by hand methods.

The clay must first be freed from any pebbles, soil, excessive sand,
etc., by washing. With the better class of clays this step is not required.

Clays not put through a wash mill sometimes require crushing to
reduce them to a state in which they readily mix with water. This is
usually accomplished in either a set of rolls or in an edge-runner mill.
Clays which require an excessive amount of crushing are not used in
hand processes..

After crushing the clay is tempered by mixing in a moderate amount
of water and then is allowed to stand for a time before the final pugging
of the mix. '

6. Pugging. The final reduction of the mix to a plastic mass is
done in a pug-mill. At this stage it may be necessary to add sand to
reduce shrinkage, or more water, the exact proportions being carefully
controlled and kept uniform.

The pug-mill, Section 2 Fig. 16, is usually a horizontal cylinder pro-
vided with one or two power-driven blades. The revolving blades slice
up and mix the mass till it is ejected through an opening at one end.

7. Molding. There are two common methods of hand-molding.
In the first, known as slop-molding, the mold is dipped in water just
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before filling to prevent the adhesion of the clay to the mold. The
workman kneads the clay into approximate shape with his hands, forces
it into the mold and tamps it hard, and then strikes it even with the
mold by the use of a straight-edge. The mold is not removed till the
brick reaches the dryer room. This method is slow and yields many
imperfectly formed bricks. The second method is called sand-molding,
and differs from the first in that, instead of dipping the molds in water to
prevent the clay from sticking, the mold is sprinkled with sand to effect
the same purpose. The operation of filling the mold is practically the
same as in the first method, but, owing to differences in the details of
manipulation, the second method is more rapid and the bricks are usu-
ally cleaner and sharper than those produced by slop-molding. Sand-
molded bricks are known as ‘‘sand-struck brick.”

8. Drying. After being shaped in the mold the bricks are allowed
to dry for several weeks before being fired. Artificial dryers are seldom
used in connection with hand processes. Very often the drying is accom-
plished in the open air on racks which support the bricks in such a
manner as to allow a maximum access of air and sunlight to all sides of
the tiers. In order to prevent injury by rain it is desirable to cover the
tiers with a light roofing of boards. For the better qualities of brick
sheds containing racks must be used, or an artificial dryer installed.
These sheds are permanent structures provided with a weather-tight
roof, and with side walls which are either fitted with shutters or which
are built of perforated bricks. Soft-mud brick and slop-molded brick
often require from three to six weeks drying; stiff-mud brick and sand-
molded brick are sometimes fired after less than one week on the drying
racks.

9. Pressing. When hand-made brick are to be pressed the drying
must be carefully watched and they must be taken to the press before
becoming too dry and hard. The press used is a portable one which is
operated by hand. The bricks are placed one by one in the machine
between dies and compressed by a piston operated by a lever. The
bricks are pressed and replaced on the rack as fast as they can be handled,
the press being wheeled along between the racks as the work proceeds.

The kilns used in hand processes differ in no respect from those used
for machine-made brick (Art. 14), except that the more elaborate types
of kilns and especially the continuous kilns are seldom used in con-
nection with hand molding.

MAcCHINE PROCESSES

10. General. Brick-making upon a large scale is now done almost
entircly by machinery, from the mining of the clay by steam shovel to
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the molding in automatic machines and burning in semi-automatic kilns.
The equipment used for the manufacture of machine-made brick varies
greatly, on account of variations in the character of the raw material
available, and variations in the class and quality of brick desired.

There are three general processes employed in brick manufacture:
The soft-mud process, the stiff-mud process, and the dry-press process.

11, Soft-mud Process. The soft-mud process is practically the same
as that employed in hand processes except that hand work is largely
replaced by machines. The clay, unless it is found very free from peb-
bles and excess sand, is first cleaned in a wash-mill, after which it is
tempered, coal dust or sand being added, if desired, in the tempering
tanks, and then pugged in the machine which fills the molds.

The upper part of the molding machine is virtually a pug-mill which
delivers the pugged mass to molds below where it is pressed into place
by a plunger. The filled mold is now moved to one side and a second
mold is brought into place and filled while the brick last made is being
removed from its mold. The amount of pressure exerted on the clay
is necessarily under constant control since variations in the stiffness of
the clay make variations in pressure necessary. The machine generally
uses gang-molds and so makes perhaps four or six bricks at each stroke
of the plunger. The molds are usually sanded between reversals of the
table which shifts the molds back and forth under the plunger.

" The drying of the soft-mud machine-made brick is usually accom-
plished in the same manner as for hand-made brick. But artificial
drying is often used.

12. Stiff-mud Process. The making of brick by the above-described
methods means the incorporation in every brick of a pound or more of
water which must later be dried out and driven off in the kiln. A process
whereby the brick clay is only sufficiently moist to possess the requisite
coherency under moderate pressure results therefore in economy of
time in drying, and economy of fuel in burning.

This process requires in the first instance a clay which is not too wet.
The lumps are sometimes broken up with the addition of water in a
pug-mill or mixer, or the clay may even be finely disintegrated in an
edge-runner mill if necessary (Section 2 Fig. 15). Usually it is pugged
with or without the addition of water, either in a separate pug-mill or in
the brick-making machine itself, without previous grinding.

The brick-making machine may be either of two general types, viz.,
the auger type or the plunger type. The auger machine consists of a
closed tube of cylindrical or conical shape, in which, on the line of the
axis of the tube, revolves a shaft to which is attached the auger and
auger knives. The knives are so arranged as to cut and pug the clay
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and force it forward into the auger. The function of the auger is to
compress and shape the clay and force it through the die. When the
clay passes through the die it is compressed to as great an extent as it
can be in its semi-plastic condition. The opening in the die is made to
conform to the dimensions of either the end or the side of a brick, and
a continuous bar of clay is forced through onto a long table where it is
cut into sections the size of a brick. If the cross-section of the bar is
the same as the end of the brick the brick are called end-cut, and when
the section corresponds to the side of a brick they are side-cut. When
end-cut brick are made the clay often issues from the machine in several
separate streams.

The bar of clay as it issues from the die travels along the table on an
endless belt which is supported on rollers. At intervals the operator
throws a lever which swings downward a rigid frame across which a
series of wires are tautly stretched. Thus the bar is cut into sections
of either the length or the thickness of a brick. When the lever is
reversed the wire frame is restored to a vertical position and the cut
brick are carried away on a belt conveyor. Many types of machines
are used for cutting the bar of clay into bricks, but all use wires to do
the actual cutting. .

The great majority of bricks made by the stiff-mud process are made
in the auger type of machine. The plunger type of machine is used to
some extent, however. '

In the plunger type of machine the clay after pugging is forced into
a closed chamber which acts as a feeder for the pressure cylinder into
which it discharges, the amount discharged being subject to control.
The forward motion of the plunger now compresses the clay and forces
it through the die. The clay bar thus formed passes onto the cutting
table and is cut by wires in the manner above described.

A few plunger machines are so devised that the clay is forced into
molds instead of through a die. With this exception, all stiff-mud brick
are wire-cul brick.

Some manufacturers of stiff-mud brick burn the brick without any
intermediate drying. The practice is not a good one, however, since it
is apt to cause excessive warping and cracking of the brick unless the
firing is done with great care and very slowly. The average stiff-mud
brick is improved by a moderate amount of drying before burning. The
drying racks or dry-houses above described are sometimes used, but,
gince the bricks contain much less moisture and are stronger, the drying
may be accelerated and artificial heat used.

The continuous tunnel dryer (Fig. 1) is most commonly used for
rapid drying of green bricks. The bricks are piled on cars which move
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slowly through tunnels wherein they are heated either by hot air or by
steam pipes. The tunnels are usually built of masonry, are 100 feet
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Fiq. 1. — Tunnel Dryer.

or more in length, and the cars traverse the length of the tunnel in about
twenty-four hours.

The usual product of the stiff-mud brick machine may be sorted into
a small proportion of the face brick and a large proportion of common
brick. When, however, a special face-brick is desired, the brick may
be repressed in a mold under a plunger worked by a steam cylinder.
Repressing reshapes the brick, rounds the corners if desired, trues it in
outline, and improves its appearance. Well made stiff-mud brick are
apt to be structurally injured and weakened by repressing.

13. Dry-press Process. The dry-press process is especially fitted
for the handling of clays which contain not over 12 to 15 per cent mois-
ture when they come from the bank. The clay is quarried by steam
shovel and stored under cover to allow further drying, ground up in a
dry pan (edge-runner), delivered to a mixer, which is simply an open
pug-mill, in which it is thoroughly mixed to give a homogeneous product
of about the consistency of flour, and discharged into the hopper of the
brick machine.

The molding of dry-press brick is a difficult operation, the success of
which is largely dependent upon the class of clay employed and the
efficiency of the brick machine used. In this machine the clay is fed
into the die or mold by a reciprocating charger located below the
machine hopper. At each revolution of the machine the charger moves
forward, and when it is directly over the molds the bottom plunger in
the molds descends, allowing the molds to be filled with clay. The
charger is withdrawn, the clay supply shut off, and the top and bottom
plungers move toward each other in the molds, compressing the clay
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between them. The pressure is now relieved and then applied a second
time, the compression of the clay being carried a bit farther than in the
first place. The upper plunger is now withdrawn and the bottom
plunger raises the brick to the level of the top of the mold. The next
stroke of the plunger pushes the finished brick upon the mold table,
whence it is removed to the dryers or kilns. Many machines used with
dry clay are arranged to mold two, four, or more bricks at each stroke.

Dry-pressed bricks are very compact, show high compressive strength,
and are well formed, but they are not generally considered to be as durable
as bricks the clay for which has been tempered. They are, however,
largely used as face brick. The term ‘‘pressed brick” is properly used
only in referring to bricks made by the dry-clay process. The so-called
pressed brick made by repressing of soft or stiff-mud brick should be
called “repressed brick.”

Building bricks are occasionally made by a process called the semi-
dry clay process. It differs little in methods or equipment used from the
dry-clay process.

14. Kilns and Burning. Brick kilns may be divided into two gen-
eral classes, viz., intermittent kilns, and continuous kilns. Intermittent
kilns may be further sub-divided into up-draught kilns and down-draught
kilns. Continuous kilns are seldom used in connection with hand mold-
ing or in small plants of any type.

Up-draught Kilns. The up-draught kiln was at one time almost
exclusively used in this country and is still common in small yards
where the hand process is used.

The old-fashioned up-draught kiln is nothing but the green bricks
themselves built into a pile about 20 to 30 feet wide, 30 to 40 feet long
and perhaps 12 to 15 feet high. The sides and ends are plastered with
mud to keep in the heat, and the top is covered with earth and sometimes
roughly roofed.

« The bricks are piled in such a way as to form a series of arched open-
ings extending entirely across the kiln, and in these arches the fires are built.

The bricks nearest the fires are badly over-burned, sometimes to
vitrification, and are called ‘““‘arch brick.” The bricks at the top of the
kiln are under-burned, and are called ‘“salmon brick,” and only the inter-
mediate bricks are first-class building brick.

The modern up-draught kiln has permanent sides made of 12 or 16-
inch brick masonry walls, and the heat is generated in ovens outside.

The flames and hot gases enter the kiln through fire passages in the walls
" and arches made through the brick within the walls. This type of kiln
is more economical of fuel than is the early type, and yields a much larger
percentage of first-class brick.
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The burning of a kiln requires about a week, after which time the

openings are tightly closed and the kiln allowed to cool very slowly.
Down-draught Kilns.

Kilns of this type re-

quire permanent walls

and a tight roof. The

floor has openings con-

necting with flues lead-

ing to a stack. Down-

draught kilns are usually -

built in a circular or 7

beehive shape, but are

sometimes rectangular.

Fig. 2 shows a circular —
kiln in vertical section. 6. 2. — Dowq-draught Kiln. Vertical Section.

Heat is generated in outside ovens and the flames and gases enter the kiln through
vertical flues (b, Fig. 2), carried to about half the height of the kiln. The heat there-
fore enters the brickwork at the top and is drawn downward by the chimney draught to
the flues below the floor, and thence to the chimney or stack.

The efficiency of the down-draught kiln is much higher than that of
the up-draught kiln, and terra cotta and pottery, as well as brick, are
burned very evenly in this type of kiln.

Continuous Kilns. Many types of continuous kilns are on the
market, but all depend on practically the same principle. A number
of chambers are connected in series, and also individually connected
with a stack. The stack flues and the flues between chambers are pro-
vided with dampers. While one chamber is burning, the waste products
of combustion are forced to traverse the whole series of charged cham-
bers beifore reaching one which is open to the stack. The material is
thus preheated before being fired. The flue openings are in the floor so
that the down-draught principle is utilized. This type of kiln is expen-
sive to install, but is more economical of fuel than any other kiln. The
percentage of first-class brick is also high, provided that the fuel is
burned on grates or in troughs, instead of in contact with the brick.

16. Sorting and Classification. Uses of Various Grades. In empty-
. ing the kiln, the bricks are commonly separated into various grades or
qualities according to the degree of burning and freedom from imper-
fections. All bricks which show cracks or excessive kiln-marking as
well as those which are badly warped must be put into an inferior class.

All of the classes of brick whose manufacture is discussed above are
classed under the head of common brick or pressed brick. Common
bricks are usually divided into three grades:
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Arch or hard brick, those which, owing to their position in the kiln,
have been over-burnt, are apt to be misshapen, and are used only in
footings and for the “filling”’ of brick masonry.

Red or well-burned brick, which amount to about half the output of
the up-draught kiln and constitute the best grade of brick for all general
construction purposes.

Salmon or soft brick, those which have not been sufficiently burned,
are too weak for use as a first-class construction material, but are used
for masonry filling, and unimportant work not calling for high strength
or great durability.

Pressed brick or face brick are made by the dry-clay process as
above noted or, using the commonly accepted meaning of the term, by
repressing soft or stiff-mud process bricks. They are smooth and hard,
have true surfaces and sharp angles, and can therefore be laid with a
minimum thickness of mortar joint. The advantages they possess in
appearance favor their use in the facing of masonry.

Glazed and enameled brick. Glazed brick are those made by coating
one side of unburned common brick with a thin layer of what is called
“glip,” a composition of ball clay, kaolin, flint, and feldspar, and then
applying a second coat of transparent glaze resembling glass. The slip
gives the color to the brick, and thé glaze melts upon firing the brick,
and forms a smooth transparent coating over the white slip.

Enameled brick are made from a clay of peculiar character, generally
containing fire-clay, and the enamel is applied either to the unburnt
brick or to the finished brick. In burning, the enamel fuses and unites
with the body of the brick. It does not become transparent, but gives
its own color to the brick.

Enameled brick are expensive and more difficult to make than glazed
brick, but the former are generally considered the more durable.

Both glazed and enameled brick are particularly adapted for use in
interior finishing, lavatories, hospitals, etc.

Ornamental brick are simply common brick which have been formed
in a special mold which imparts some relief design to the face. Specially
selected clays may be used to impart some desired uniform color. They
are made in various sizes and shapes.

Tapestry brick are made by the stiff-mud process, and subsequently
have their surfaces roughened by cutting off a slice by a wire. Tapestry
brick are much used as a face brick.

Roman tile are pressed or repressed brick of unusual form, their face
dimensions being 12 by 1} inches, and the depth 4 inches.

Hollow brick are common brick made by the stiff-mud process, a
special die which forms hollow spaces through the length of the brick
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being used. This produces a light brick which is much used for interior
wall facing and for partitions. When their surface is grooved to afford a
hold for plaster, hollow brick are called furring brick.

Sand-lime brick are not made from clays, but since their uses are
identical with those of ordinary building brick, their manufacture will
be separately discussed at this point.

SAND-LIME BRICK

16. General. There are several classes of brick which are manu-
factured by combining sand and lime in proper proportions. Only one
of these is important as a commercial article, however, and entitled to
the name “sand-lime brick.”

Sand brick are made up of a mass of sand bound together by calcium
carbonate or silicate hardened by exposure in the air, or in air charged
with carbon dioxide, such as the gases from a lime kiln.

Mortar brick which have simply calcium carbonate as the binding
material, are really simply blocks of lime mortar bardened in air. They
are structurally weak and unfit to be used as a building material.

Sand-lime brick are made from the same raw materials, but with
much more care by a materially different process. The binding material
B here not definitely established.” The bricks are molded under pres-
sure, and they are hardened in an atmosphere of steam under pressure.

17. The Sand. Almost any sand may be used if the process is
varied to suit its properties. A comparatively pure and clean sand is,
however, essential.

Experiments made in the laboratory of the Polytechnic Institute at
Riga show that the binding action of lime and sand proceeds much more
rapidly when the sand is very fine. From the standpoint of denseness
and strength, however, a sand of such composition as to secure a mini-
mum of voids is preferable. A composition of at least four parts of sand
which is between the 20-mesh and the 100-mesh screen size to one part
of sand finer than the 150-mesh has been found to give a brick of maxi-
mum compressive strength.

From the standpoint of weathering qualities it is apparent that a
well-graded mixture will make a brick of lowest absorption and hence
least apt to disintegrate due to weathering.

The principal impurities in sand are clay, iron oxide, mica, and feld-
spar. Clay has been found to have a marked influence in decreasing
both the compressive and tensile strength of sand-lime bricks. Iron
oxide is probably inert and the same is true of mica. More than very
small percentages of mica are injurious, however, in a purely mechanical
way.
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18. The Lime. Either high-calcium lime or dolomitic lime may be
used, but the former is preferable. The amount of lime used in practice
varies from about 5 to 10 per cent.

19. Preparation of the Sand. The preliminary treatment of the
sand is dependent first upon the source of the sand, and second, upon the
subsequent details of manufacture. If a soft sand-stone rock is used it
must first be crushed and then screened to separate out the larger par-
ticles. If the sand be obtained by dredging it must be dried, the amount
of drying being dependent upon the subsequent manner of operation.
If an excess of clay is present, or if it be a seashore sand contaminated
with the salts of sea-water, washing and subsequent drying are required.
If the sand does not contain a sufficient proportion of very fine quartz
sand it is necessary to pulverize a portion of it in a tube mill or other
type of fine-grinding machine and add the pulverized sand to the natural
sand.

20. Preparation of the Lime. The preparation of the lime is simply
a matter of hydrating or slaking it either before or after the addition of
the sand. In the majority of cases the lime is slaked before mixing with
the sand, the one exception being the use of a very wet sand. In this
event the unslaked lime may be mixed with a portion of the wet sand
and thus slaked, and the balance of the sand after being dried is added to
the mix. With a moist sand the lime may be slaked to a putty before
being mixed with the sand. The best method, however, consists in the
use of dry sand and dry hydrated lime.

21. Mixing. The thoroughness of the mixing process is the most
essential detail of the entire process. Probably the best method of
thoroughly incorporating the 5 to 10 per cent of lime used with the sand
and water consists in mixing the lime and sand in a tube mill and then
adding water to the mix in a pug-mill. The latter delivers the mix to
a bin where it is allowed to stand for some hours before being delivered
to the press. '

22. Pressing the Brick. Owing to the gritty character of the mix
it is not possible to make wire-cut sand-lime brick. They are therefore
made in a mold under pressure in the same manner that dry-clay brick
are made. Pressures up to 15,000 pounds per square inch are used.

23. Hardening. The brick are not allowed to harden in air, but are
hardened in closed chambers subjected to steam under a pressure of
from 100 to 150 pounds per square inch. The hardening kettle used
is a horizontal cylinder of steel, provided with a removable steam-tight
cylinder head and tracks upon which cars carrying the brick are run
into the cylinder. The time required for hardening depends upon the
steam pressure used and is usually between 4 and 10 hours.
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MANUFACTURE OF PAVING BRICK

24. General. The requisites for a good paving brick are that it
shall be hard enough to resist the abrasive action caused by street traffic;
tough, so that it will not be broken by the impact of wheels, horses’
hoofs, etc.; and non-absorptive, so that it will resist weathering. Its
manufacture differs from that of common brick, first, in that the selec-
tion of a suitable clay is more limited, and second, in that it must be
burned at a much higher temperature, vitrification or at least incipient
vitrification being required.

26. The Clay. Surface clays are generally unfit for use as paving-
brick clays because, on account of their highly siliceous character, the
range of temperatures between incipient and viscous vitrification is so
short that only a small proportion of the kiln charge is properly burned.

Impure fire clays are used to a slight extent, but are very hard to
burn properly. A pure fire clay cannot be vitrified; it is necessary,
therefore, that there be present at least from 5 to 7 per cent of fluxing
impurities (iron, lime, magnesia and alkalies). These clays possess one
advantage in that it is usually impossible to over-burn them, and the
burning need not be watched so carefully, as in the case of the surface
clays and the shales.

Shales or rock clays are used for practically all paving brick made at
the present time. They occur in larger bodies than either of the other
classes of clays and, although the expense of crushing is increased owing
to their rock nature, they are so impure that the range of vitrification is
often as much as 400° C. (752° F.), making them an especially valuable
material for paving-brick manufacture.

The shale banks are usually worked by steam shovel with or without
blasting of the rock. Fireclays are mined in underground chambers
like coal, and surface clays are usually handled by hand tools, scrapers,
carts, ete.

Upon delivery at the plant, shales are crushed either in dry pans,
rolls, or centrifugal disintegraters. Fireclays and surface clays are
handled in the same types of disintegraters. The crushed clay is
screened to remove all particles not passed by about a 20-mesh sieve,
and delivered to the pug-mill where just sufficient water is added to
make a stiff mud.

26. Molding and Drying. Practically all paving brick are made by
the stiff-mud process above described, the machine being usually of the
auger type. The size of the die is larger than in the case of building
brick, since the usual size of paving brick is about 3% inches wide by
8} inches long and 4 inches deep. Both side-cut and end-cut brick are
made.
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Many paving bricks are repressed immediately after molding, the
repressing being useful in making the brick more uniform in size and
shape. The repressing dies are so formed that the edges of the brick
are rounded off, lugs are made on the sides to separate the brick slightly
when laid in the street, and the imprint of the manufacturer is placed on
the brick.

Paving bricks which are simply wire cut without being repressed are
usually what are called ‘‘ wire-cut lug brick.” They differ from ordinary
wire-cut brick only in that the wire-cutting mechanism is so contrived
that instead of the wires cutting plane surfaces, they cut planes which
are interrupted by two high points which serve as lugs. Such bricks
must be side cut.

‘“Hillside ” brick have one of the upper edges beveled off to make a
pavement less smooth.

Drying of paving brick is accomplished by the same methods as
those used for ordinary stiff-mud brick.

27. Burning, Annealing and Sorting. The burning of the brick is
accomplished either in the down-draught kiln or the continuous kiln.
The burning requires from seven to ten days and the temperature is a
bright cherry heat, whereas only a red heat is attained in burning hard
building brick. The temperature required varies according to the clay
used, and the proper temperature of vitrification for a given clay must
not be exceeded, since it results in the brick becoming softened. At the
best the brick in the lower portion of the kiln are usually kiln-marked
owing to the weight of the charge above. When the brick are thoroughly
burned the kiln must be tightly closed and allowed to cool down slowly
for several days. Thus the brick are annealed and acquire a great deal
more toughness than when quickly cooled.

The brick must be sorted in emptying the kiln. The upper courses
will be very hard burned but possibly air-checked. They are excellent
brick for foundations or sewers and are sometimes called sewer brick.
From the zone of checked brick to within a few courses of the bottom,
the brick should be No. 1 pavers; the lower courses have not been suffi-
ciently heated to be vitrified and are classed as No. 2 pavers. These
latter brick are much used as building brick, for which purpose they
form a most excellent material.

With fireclay as high as 80 to 90 per cent of the kiln charge are No. 1
pavers, and with shale about 60 to 80 per cent of No. 1 pa.vers are
obtained.

MANUFACTURE OF FIREBRICK

28. General. The manufacture of firebrick which are able to w1th-

stand the moderate heat cncountered in ordinary situations such as



BRICKS AND OTHER CLAY PRODUCTS 4 15

chimneys, flues, etc., has been carried on for a great many years. It is
only comparatively recently, however, that a demand has arisen for
firebrick and fire blocks to be used where they must not only withstand
extremely high temperatures, but must also have certain chemical prop-
erties which make them able to withstand an oxidizing or a reducing
action, either of which may be encountered in one type or another of
metallurgical furnace.

The principal materials from which firebrick are made are fireclay,
silica rock, ganister rock, magnesia, bauxite, and chromite. The process
of manufacture varies according to the class of brick and the nature of
the raw materials used. : .

29. Acid Brick. Fireclay Brick. One of the most refractory ma-
terials for use in the manufacture of firebrick is ordinary fireclay, to
which flint clay, burnt fireclay, sand, or other refractory material has
been added to prevent undue shrinkage in drying and burning. Fire-
clays owe their superiority over brick clays as a refractory material to
their greater purity, i.e., the absence of the fluxing impurities iron, lime,
magnesia, and the alkalies. In order to afford a contrast between the
composition of fireclays and typical brick clays the following table has
been selected from Ries’ “Economic Geology.”

COMPOSITION OF FIRECLAYS AND BRICK CLAYS

8i0y. | ALOs.| F6y04.| FeO. | CaO. | MgO. | Alk, | HyO. | COy. | SOy
Plastic fireclay........... 57.62(24.00| 1.90( 1.20] 0.70{ 0.30{ 0.70({13.20| ... | 0.35
Flint fireclay............. 59.92(27.56| 1.03| ... | Tr. | Tr. | 0.64/10.82] ... | ...
Brick shale............... 54.64{14.62) 5.69( ... | 5.16( 2.90| 5.89| 4.59| 4.80{ ...
Calcar. brick clay......... 38.07| 9.46| 2.70| ... [15.84| 8.50( 2.76| 2.49/20.
Blue shale clay........... 47.92(14.40| 3.60{ . 12.30( 1.08| 2.70{ 4.85| 9. 1.4

Fireclays are often mined in underground workings, and the plastic
clay which is mixed with the fireclay is handled in the manner described
for common brick clays. Each material is separately ground, usually
in a dry pan, after which they are screened and mixed in the required
proportions. The relative amounts of the two ingredients vary greatly
according to the clays used, but usually approximate about equal
proportions.

The mixing of the materials is accomplished either in an open mixer,
or in the pug-mill, where the required amount of water is added. The
plastic mass delivered from the pug-mill is usually allowed to stand for
some time in order to allow the moisture to become more perfectly dis-
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tributed before being sent to the molder or brick machine. A large pro-
portion of the brick are molded by hand by a process that is practically
that of slop molding. Either the stiff-mud process or the dry-clay
process may be used, however. The drying of the brick is effected in
the manner that would be used for ordinary clay brick made by a similar
process, and the firing is done in down-draught or continuous kilns.
The temperature of burning must be higher than is used with ordinary
clay brick in order that there may be no further shrinkage of the brick
when subjected to high temperatures in use as a furnace lining, or in
. any similar situation. A temperature of from 1371° C. (2500° F.) to
1927° C. (3500° F.) is required for proper burning, the lower figure
applying to the lower grade of ordinary firebrick and the upper figure
for the highest grade. The cooling should be rapid till the temperature
is below 1371° C. (2500° F.), after which point slow cooling is required.

Silica Brick. Silica brick are made of silica sand or silica sandstone
rock, mixed with a very small percentage of lime, which acts as a binding
material. Silica brick made of the purest grade of materials will with-
stand a temperature of about 2150° C. (3900° F.), while the usual com-
mercial article will fail at temperatures above about 2038° C. (3700° F.).
They are therefore slightly less refractory than the highest grade fire-
clay bricks, but are superior to the ordinary run of fireclay bricks. Silica
bricks can be made only of very pure materials since small percentages
of the fluxing impurities materially increase fusibility. The brick are
extremely hard and brittle and upon being heated expand, instead of
shrinking, as clay brick do. This expansion, amounting to about 10
per cent, must be allowed for in laying the brick.

The silica rock is crushed between rolls or in a gyratory crusher and
then pulverized in an edge-runner mill. In this latter mill lime is added,
1} to 2 per cent being used, and water is mixed with the mass. Usually
the lime and water are added together in the form of lime-milk. The
final composition of the brick will be 96 to 97 per cent silica, 1} to 2
per cent lime, and 1} to 2 per cent impurities.

Usually silica brick are molded by hand, dried in dry-rooms or dry-
ing tunnels, and fired in down-draught kilns. No particular precautions
are necessary in firing, the temperature required being from 1427° C.
(2600° F.) to 1760° C. (3200° F.). The cooling down of the brick must
be accomplished with the greatest care, however, since silica bricks are
very sensitive to sudden changes in temperature.

A very high-grade silica brick is produced by the process used in
the manufacture of sand-lime brick. The materials are mixed as a stiff
mud, molded in a press, and hardened under steam pressure for about
eight or ten hours.
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Ganister Brick. Ganister brick are intermediate in grade between
fireclay brick and silica brick. They are made from ganister rock,
which is a dense siliceous sandstone containing about 10 per cent clay.

Ganister brick are made in a manner similar to silica brick except
that lime is seldom added, since the clay forms a sufficient binder. Fir-
ing is done at about the same temperature as that required for silica .
brick and the cooling must be slowly and carefully accomplished.

30. Basic Brick. Magnesia Brick, Bauxite Brick. All of the fire-
bricks above described are of an “acid’’ character, that is, being com-
posed largely of silica, they are capable of acting as an acid material at
high temperatures, and of fluxing in contact with a basic material such
as lime. By decreasing the silica content and increasing the alumina
content the material may be rendered ‘“basic’ in character.

Materials which are used for making basic bricks are principally
“bauxite” and ‘“magnesia.” Bauxite brick are made by grinding
bauxite (85 per cent or more Al:O;) in an edge-runner, mixing with about
25 per cent clay in a pug-mill where water is added, and molding by hand
or by the stiff-mud machine. Burning is done at a temperature of
about 1538° C. (2800° F.). The composition of bauxite brick is about
70 per cent alumina, 16 to 18 per cent silica, and 12 to 14 per cent ferric
oxide. Shrinkage upon heating is excessive, and the bricks are structur-
ally very weak.

Magnesia brick are made from a mixture of caustic magnesia (obtained
by burning magnesite in a lime kiln) and sintered magnesia which con-
tains a small percentage of ferric oxide to act as a flux. Dolomite
(double carbonate of lime and magnesia) is sometimes used to make
magnesia brick, but is inferior to a mixture of sintered and lightly burnt
magnesia.

The materials are ground in an edge-runner mill, water is added in a
mixer or pug-mill, and the bricks are molded under a heavy press. Dry-
ing must be carefully carried out in drying houses or drying tunnels and
firing is accomplished in down-draught kilns or in gas-fired kilns at a
temperature of from 1816° C. (3300° F.) to 1950° C. (3540° F.). The
shrinkage of magnesia brick is irregular and excessive.

Magnesia and bauxite bricks have a remarkable power of resisting
the corrosive action of slag and limestone at high temperatures, but are
extremely sensitive to the action of silica and acids generally, and both
are very weak structurally. They are used in the lining of basic steel
furnaces, in lead smelters, in cement kilns, etc.

31. Neutral Firebrick. Chromite (chrome iron ore) is principally
used for the manufacture of a refractory brick, which is practically
“neutral.” Chrome brick are used in metallurgical furnaces to separate
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basic and acid brick linings, when the former is used for the lining of the
melting chamber in contact with a basic charge and the latter used for
the top arches, where greater mechanical strength is needed. Chromite
used alone is almost without binding power, and is therefore usually
mixed with fireclay or bauxite in such a proportion that the bricks contain
about 50 per cent chromium oxide, 30 per cent ferrous oxide, and 20 per
cent alumina and silica.

Chrome brick are made by crushing the materials in edge-runner
mills and molding under heavy pressure, as in the case of silica bricks.
The firing temperature is about 1650° C. (3000° F.).

TERRA COTTA

32. General. Terra cotta is composed of practically the same mate-
rial as brick, but requires a carefully selected, finely divided homogeneous
clay which burns to a desirable color with a slight natural glaze.

33. Architectural Terra Cotta. Terra Cotta Lumber, Building
Blocks, and Fireproofing. Usually no single clay is used in the produc-
tion of terra cotta, but each shade and tint requires the mingling of
different clays. Fire clays are universally used for the making of archi-
tectural terra cotta.

The clays after delivery at the factory are separately ground in
wash-mills or edge-runner mills, mixed with grit and water in pug-mills
and separately deposited in layers or strata. As many as ten or twelve
strata are thus piled up, and from this mass perpendicular cuts are
taken and the whole mixed together in a pug-mill into a plastic mass.

The subsequent manner of molding depends largely upon the char-
acter of the ware being made. Terra cotta, used for architectural pur-
poses, is usually made by hand molding in plaster casts. Intricate
designs are modeled without a mold and green casts are often further
carved by hand before being dried and burnt. After drying and before
burning a coating of “slip’’ is applied to the ware. This slip is made
up of clay, feldspar, flint, etc., is opaque, and imparts the color desired
for the finished product. Either a dull or a bright glazed finish may be
procured.

Burning is done with extreme care to prevent either distortion or
discoloration by flames or gases. Special kilns in which the ware does
not come in contact with the gases are commonly used. Very elaborate
designs of high artistic merit are sometimes executed. It is not practi-
cable to burn terra cotta in very large units, so it is often necessary to
make a complete design of many comparatively small sections.

Terra cotta blocks or terra cotta lumber is an entirely different material,
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made for strictly structural purposes and not at all for decorative effect,
being always covered by plaster or mortar.

The raw materials used for terra cotta lumber are terra cotta clays
and finely cut straw or sawdust. The materials are thoroughly mixed
(after grinding) in a mixer or pug-mill to form a stiff mud, which is there-
upon forced through a die by a plunger-type machine. Practically all
terra cotta lumber is made of hollow construction, with walls about
1 inch thick, and with partition walls about § inch thick.

The blocks are wire cut, as in the case of ordinary stiff-mud bricks,
and are carefully dried before firing. Firing is usually done in a down-
draught kiln and especial care is required in stacking up the ware in
such a manner as to prevent distortion and unequal heating. The
temperature of burning is sufficient to burn out all the straw or sawdust
incorporated in the mix, and leaves a very light and porous material
which is soft enough to be cut with a saw and into which nails or screws
may be driven with ease.

Hollow building blocks and fireproofing are the same thing as terra
cotta lumber except that no straw or sawdust has been incorporated
with the clay and the burning is carried to a higher temperature, almost
. to vitrification. They are therefore much harder than terra cotta lum-
ber and are not porous, but resemble ordinary hard-burned brick.

Hollow building blocks are made in the same shapes as terra cotta
lumber and have the same uses. Both are used extensively as a fire-
proof material for constructing exterior and partition walls, ceilings,
floor arches, furring for outside walls, roof sheathings, and jackets
around beams and columns of steel-framed buildings.

ROOFING, WALL, AND FLOOR TILE

84. Roofing Tile. Roofing tile must be hard, strong, and of low
absorption. They are made by a process similar to that employed for
repressed stiff-mud brick, the blanks being formed by an auger machine
and subsequently repressed. Shingle tile are laid like slate, being per-
fectly flat; mission style tile are, in a measure, interlocking, being
segments of hollow cones; and Spanish tile are distinctly interlocking.
The two latter forms are made by repressing slabs of green clay. The
clay is selected with greater care than in the case of ordinary brick, and
burning is done at a sufficiently high temperature to insure hardness,
strength and low absorption.

36. Wall Tile. Wall tile are of two general types according to the
process employed in making them — ““dust-pressed ” tile and “‘plastic
tile. The clay used in making dust-pressed tile may be a fireclay, or even
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a red-burning shale clay, if artificial coloring is to be used, but if a white
body is required, as is usual, a mixture of white clays, feldspar, flint, etc.,
is employed. These materials after grinding and mixing are made up
into a thin cream which is strained through a silk screen. The water
is then drained or squeezed out and the material is ready to be molded
if the plastic process be used. For dust-pressed tile this material is
dried, crushed to powder, moistened slightly by steam, and stored until
used. ,

Molding is done in a dry press and any desired relief pattern is
imprinted by the moving plunger of the press. The ware is now placed
in fireclay boxes in which it is burned out of contact with the flames.
After burning, a transparent or opaque glaze is applied, coloring matter
being introduced if desired. A second firing is now required to fuse the
glaze. Either a bright or a dull glaze is obtained by proper selection
and application of the glaze materials.

Plastic tile are made in practically the same manner as *“dust-
pressed” tile, except that a mixture of soft clay and powdered burnt
clay is used, and the molding is done immediately after mixing and
tempering. Molding is done by hand in plaster molds which may or
may not impart a design to the face. In the latter case the tile may be .
removed from the mold when partly dry and a design modeled by hand.
Sometimes plastic tile are not glazed, and in that event no second firing
is required. Most wall tile are dust-pressed tile.

- 86. Floor Tile. Floor tile are dry-pressed from the same materials
as wall tile and the process employed is practically the same. Fireclays
and red-burning clays are most commonly used, however, and if white-
burning materials are used coloring matter (metallic oxides) is usually
introduced. No glaze is used and only one firing is necessary.

DRAIN TILE AND SEWER PIPE

37. Drain Tile. Drain tile are made from a red-burning clay or
mixture of clays of the character of those used in making terra cotta
lumber. The clay is handled by the stiff-mud process, issuing from a
special die as a hollow cylinder, which is cut to convenient lengths by
wires.

Burning is conducted at temperatures compatible with the produe-
tion of a very porous product, which possesses a considerable degree of
mechanical strength, but is not vitrified or glazed.

38. Sewer Pipe. Sewer pipe is not intended to be porous or absorp-
tive like drain tile, but on the contrary is made from clays which will
form a very non-porous product of low absorption. The stiff-mud
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process of mixing and molding is used whether the pipes are fitted with
socket ends or not. Special shapes, such as elbows, Ys, and Ts, are
made by joining parts of green pipe with slip clay.

After drying in steam chambers the ware is burned in down-draught
kilns. A special glaze called “salt glaze’ is imparted to all surfaces of
the pipe by throwing common salt into the kiln fires after a temperature
of about 1150° C. (2102° F.), has been attained. The sodium vapors
freed by heat pass through the kiln, and by combination with the clay
form a dense hard glaze, which renders the pipe practically non-
absorptive.

Sewer pipes are intended exclusively for use as conductors of water,
sewage, etc., and are laid with tight cement joints. They therefore do
not take up and carry off the water in wet soil as drain tiles do.

PROPERTIES OF BRICKS

39. Crushing Strength. Since the strength of brick masonry is only
a fraction of the strength of the brick, the compressive strength of indi-
vidual bricks is of only relative value in that it affords a basis of com-
parison between different kinds of brick.

The average compressive strength of good building brick is about
4000 pounds per square inch; of pressed brick about 8000 pounds per
square inch; of sand-lime brick 3000 to 4000 pounds per square inch;
of paving brick 10,000 pounds per square inch; of fireclay brick 3000 to
6000 pounds per square inch; of terra.cotta blocks, 4000 pounds per
square inch; and of architectural terra cotta 3000 pounds per square
inch.

40. Absorption. The absorption of water by brick is often taken
to be an important criterion of its probable durability. The freezing
of water which fills the pores of brick will constitute a great disinte-
grating agency, but the importance of this factor is probably over-
estimated. Bricks are seldom injured by frost for the reason that water
does not fill the pores completely and hence is able to expand upon
freezing without exerting a great disruptive force.

Tests of absorptive power of bricks are usually made to extend over
80 short a period that the results are apt to be misleading. The rate of
absorption of bricks varies greatly, and therefore the usual forty-eight-
hour test will sometimes show practically the ultimate absorptive power
of a brick, while in other cases only a fraction of the ultimate absorption
is shown.

In general the absorption shown by common building brick in a forty-
eight-hour immersion test is from 12 to 18 per cent of the weight of the
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‘dry brick. For pressed or face brick the absorption is about 6 to 12
per cent; for sand-lime brick it is 12 to 15 per cent; for paving brick,
1 to 3 per cent; for fireclay brick, 8 to 12 per cent; and for unglazed
building blocks of terra cotta, 10 to 15 per cent.

41. Transverse Strength. The transverse strength of bricks is one
of the best indications of quality, not because bricks are often subjected
to severe tests of their transverse strength in masonry, but because tests
are easily made and an indication of their toughness is afforded. An
indication of their approximate tensile strength is also obtained since the
modulus of rupture bears a fairly close relationship to tensile strength.
Experiments and experience show that the failure of brick masonry
under compressive stress is really by failure and subsequent lateral flow
of the mortar, thereby introducing tensile stresses in the bricks and
causing cracks to open up in the masonry. The fractured surface of a
brick also affords a valuable indication of the care with which the ma-
terials have been ground and mixed, and the degree of burning is made
evident to an experienced observer who is familiar with the normal
appearance of the bricks under examination.

The modulus of rupture of common building bricks varies from
about 500 pounds per square.inch to about 1000 pounds per square inch;
pressed bricks, 600 to 1200 pounds per square inch; sand-lime bricks,
300 to 600 pounds per square inch; paving bricks, 1500 to 2500 pounds
per square inch; fireclay bricks, 300 to 600 pounds per square inch; and
unglazed terra cotta building blocks, 500 to 1000 pounds per square incH.

42. Shearing Strength. The shearing strength of bricks as shown
by tests is a property of little practical importance, chiefly because it is
almost impossible to make the best results really show actual shearing
strength. All methods of testing which have been devised are more or
less subject to the same objection, i.e., the shearing stress is not acting
alone, but bending is introduced, thus bringing tension and compression
into play as well as shear.

Tests made at the Watertown Arsenal indicate that the shearing
strength of common bricks is about 1000 to 1500 pounds per square
inch; pressed bricks, 800 to 1200 pounds per square inch; sand-lime
bricks, 500 to 1000 pounds per square inch; paving bricks, 1200 to 1800
pounds per square inch; and fireclay bricks, 500 to 1000 pounds per
square inch. .

43. Modulus of Elasticity. The modulus of elasticity of bricks is
not a constant for any considerable range of loading. The elastic prop-
erties as shown by the stress-strain curve for a compressive test are quite
gimilar to those of concrete and mortars. For ranges of loading not
exceeding onmefourth of the compressive strength the modulus of elas-
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ticity of common bricks is about 1,500,000 to 2,500,000 pounds per square
inch; pressed bricks, 2,000,000 to 3,000,000 pounds per square inch;
sand-lime bricks, 800,000 to 1,200,000 pounds per square inch; and pav-
ing bricks, 4,000,000 to 8,000,000 pounds per square inch.

Building bricks are classified by the Am. Soc. for Testing Materials,
according to the results of the physical tests, as ‘ vitrified, hard, medium,
and soft.”

CLASSIFICATION OF BRICKS

Absorption limits, Compressive strength Modulus of X
preproen (on o&o) Ib. per 8q. in. Ib. puoqn?nm

Name of grade.

Mean of | Individual an of Individual Mean of Individual
5 tests. | maximum. 5 tests. minimum. 5 tests. minimum.

Vitrified Brick..| 5 or less 6.0 | 5000 or over 4000 | 1200 or over 800
Hard Brick..... 5to 12 15.0 | 3500 or over 2500 600 or over 400
Medium Brick. .| 12 to 20 24.0 | 2000 or over 1500 450 or over 300
Soft Brick...... 20 or over| No limit{ 1000 or over 800 300 or over 200

““The standing of any set of bricks shall be determined by that one
of the three requirements in which it is lowest.”

Paving bricks are usually subjected to a “Rattler” test. In this test
a charge of ten bricks of “block size,” is placed in a “Standard Rattler,”
with an abrasive charge made up of 10 cast-iron balls 33 inches in diameter
and weighing approximately 74 pounds each and a sufficient number
of cast-iron balls 1 inches in diameter, weighing approximately 0.95
pound, to bring the total weight of the charge between 245 and 260
pounds.

The rattler is rotated at a uniform rate, between 29.5 and 30.5 revo-
lutions. per minute, for 1800 revolutions. The loss in weight is calcu-
lated in per cent of the initial weight of the brick.

The percentage of loss is not definitely standardized, but the following
table shows what may be expected.

General average | Maximum permis-
loss, per cent. sible loss, per cent.

For bricks suitable for heavy traffic............... 22 24
For bricks suitable for medium traffic.............. 24 26
For bricks suitable for light traffic................. 26 28

A well made paving block will show very much less wear than sug-
gested by the above table.
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BRICK MASONRY

44. General. Brick masonry was at one time considered as an
inferior substitute for stone masonry. At the present time, however,
brick masonry built with bricks made by modern processes from care-
fully chosen raw materials, and with the aid of elaborate plant equip-
ment, will for many purposes and situations equal or excel most stone
masonry. Brick masonry is usually cheaper than stone, it is more
easily built, is a better fire resistant, and compares well as regards dura-
bility with the best stone masonry.

456. The Mortar and the Joints. Lime mortar is used in building a
great proportion of the brick masonry constructed in this country. The
slower setting magnesian or dolomitic limes are generally preferred for
bricklaying on account of the fact that the rapidity of laying is increased
by their choice in preference to high-calcium limes. Portland cement is
generally added to lime mortar to secure greater strength.

The proportions commonly used in lime mortars are either one part
lime or two parts sand, or, more commonly, one part lime to three parts
sand.

Ordinary lime mortar hardens very slowly and the gain in strength is
too slow when high walls are built rapidly. For such construction natural
cement or Portland cement should constitute a portion of the mortar or
better still, a Portland cement mortar may be used altogether.

For all construction belcw grade, or in any situation where moisture
is often encountered, also in heavily stressed brick masonry in piers,
arches, etc., cement mortar should always be used instead of lime mortar.

All brick should be laid with the minimum thickness of joints con-
sistent with proper bedding. Common bricks are usually somewhat
rough and uneven, but should be laid with joints from & to 2 inch in
thickness. It is commonly specified that the height of eight courses of
brick masonry shall not exceed the height of eight bricks laid dry by
more than 2 inches. :
 Pressed brick, being usually smooth and true, are laid with joints
not exceeding } or - inch in thickness.

46. Bond. Bond in brickwork is the arrangement of the bricks in
courses resorted to for the purpose of tying together all parts of walls
more than one brick in thickness by the action of the weight of the over-
lying masonry. The commonly adopted bonds for laying brick masonry
are Common bond, English bond, and Flemish bond.

In common bond, Fig. 3, all of the outside brick are laid as stretchers
for from four to six courses, and then a course of headers is placed. This
type of bond is more generally used than any other in this country.
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In English bond, Fig. 4, heading and stretching courses alternate.
This is the strongest type of bond, but has not a pleasing appearance.
In Flemish bond, Fig. 5,
headers and stretchers alter- | I
nate in each course, each I l I l I |
header being centrally -placed
with respect to a stretcher in I |
the course below. This is a I I |
strong bond, but requires cut- : L |
ting brick for each course at | | |
corners. | |
47. Laying the Brick. Mor- J l | l I |
tar, unless very wet, does not
adhere to dry brick nor set T I
properly, for the reason that F1g. 3. — Common Bond of Brickwork.
the water in the mortar is
absorbed by the bricks. All bricks should therefore be wet before being
laid. This provision is one of great importance, but is a very difficult

| [ T 1 T 1 |
| | | 11'1|'J|
rll III |[ Illlll IL
T - L
| 1 l ILIJ|IIL
] ] [ 1 1

I |
] | 1

Fia. 4. — English Bond of Brickwork. Fig. 5. — Flemish Bond of Brickwork.

one to enforce since it makes a material difference in the amount of labor
involved. It is difficult to lay pressed bricks dry, so there is not usually
so much difficulty encountered on this score in the case of pressed brick
as in the case of common brick.

After several courses of brick have been placed the joints are ‘“struck’’
on the face side of the wall by means of the point of the trowel held
obliquely

STRENGTH OF BRICK MASONRY

48. General. The appearance and durability of brick masonry is
usually of greater importance than the actual crushing strength. In
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piers, however, and occasionally in arches and in the lower portion of the
walls of high buildings built without a steel or concrete frame, the
stresses encountered may be sufficiently high to make the crushing
strength of the brick work an 1mportant consideration,

The strength of brick masonry is always much more a function of the
mortar used, the bond, and the workmanship than a function of the
strength of the individual bricks. Where high stresses are encountered
cement mortar must invariably be used, and this is particularly true
when a heavy load must be carried within a short time after the masonry
is laid.

49. Strength of Brick Masonry Shown by Tests. The tests quoted
below comprise a summary of tests of twenty-four brick piers about
12 inches square and 8 feet high made at the Watertown Arsenal.

These tests show the importance of using cement mortar in preference
to lime mortar where strength is an important consideration. The
strength of the 1 : 3 cement mortar masonry is approximately twice the
strength of the lime mortar masonry, while there is little gained by the
use of neat cement instead of 1 : 3 cement mortar except in the cases of
the piers built with the highest quality bricks where the mortar of neat
cement develops a greater proportion of the strength of the bricks

CRUSHING STRENGTH OF BRICK PIERS
WATERTOWN ARSENAL TEsTs, 1904

Age 6 months
Colx‘nbgr’”} 8q. in. b Per ::ln:n:‘t:lh:‘.l;:ck. :
Description of briok.
Neat 1 Port., | 1Lime, Neat 1 Port., | 1 Lime,
Port. 3 Sand. | 3 Sand. Port. 3 Sand. 3 Sand.
Face Brick
. Dry pressed face brick........ l I 1517 26 I 21 13
Re-pressed mud brick. ........ 1670 1260 28 25 19
CoMMON Brick
Wire-cut stiff-mud brick.. 4021 2410* | 1420 31 19 11
Hard sand-struck brick.......| 4700* | 1800* 994 42 16 9
Hard sand-struck brick.......| 1969 1800 733 4 40 16
Hard sand-struck brick....... 1400 1411 718 24 24 12
Light-hard sand-struck brick..| 1510* | 1519 732 23 23 11
Light-hard sand-struck brick..| 1061 1224 465* 20 23 9

* Tested at age of 1 month.



SECTION 5

CHAPTER 1
PIG IRON

1. Historical. The ferrous metals comprise three general classes of
material, cast iron, wrought iron and steel. All of these are produced
artificially by the reduction of iron ores and subsequent treatment of the
pig iron by various metallurgical processes. Cast iron, wrought iron,
and steel are distinctly different materials, judged by their comparative
physical properties, in spite of the fact that metallic iron is present in all
to the extent of over 90 per cent.

Ores of iron are all essentially oxides of iron, adulterated with varying
amounts of earthy material. Many years ago it was discovered that
‘metallic iron could be produced by heating iron ore in charcoal fires,
the oxygen being removed by the charcoal, leaving metallic iron in a
pasty condition. The primitive method of burning ore in heaps over a
charcoal fire gradually developed into the Catalan forge process, by
which wrought iron and, more rarely, steel was produced in many parts
of the world for centuries. ‘

The Catalan forge in its early form was a hole in the ground lined
with masonry. This was filled with charcoal and ore, either mixed or
deposited in vertical layers, and an air blast, delivered through a down-
ward inclined tuyére which projected into the mass, supplied the neces-
sary oxygen for combustion of the fuel.

The temperature acquired is not sufficient to melt the iron, but will
fuse the slag, which may then be tapped off, and the iron withdrawn as a
pasty mass. If the tuyére be given a lesser incline and the process be
continued for a longer time, the temperature attained is sufficient to
promote the combination of a certain amount of carbon of the fuel with
iron, thereby producing steel.

Cast iron was never produced in the Catalan forge or other early
form of device for reducing iron from the ore, because the temperature
attained was never sufficient to melt the iron and effect the combination
of iron with the 3 or 4 per cent of carbon which is primarily responsible
for the structural and physical characteristics which distinguish cast
iron from wrought iron and steel.

51
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Pig iron was not produced until the blast furnace process of ore
reduction was developed in comparatively modern times.

2. Iron and Steel in Construction. From the standpoint of the
economist the iron and steel industry is by far the most important and
valuable one in existence. The world’s production of iron and steel
represents a greater proportion of our manufacturing wealth than.that
of any other industry, and probably no other factor has contributed so
much to the development of all arts and industries as has the
progress made in the manufacture of better and cheaper iron and
steel.

Cast iron is made so easily by a simple process of remelting pig iron
and casting in molds, that it is produced in practically every city of
industrial importance in the civilized world. Its strictly structural uses
are somewhat limited, owing to the greater adaptability of wrought iron
and steel to structural needs. As a material of construction in general,
however, and especially as a material for use in construction of machines,
implements, etc., it finds countless applications which cannot be as
cheaply and satisfactorily served by any other material.

Wrought iron has always been an important material in many arts
and industries. Until the development of cheap methods of steel making
in the latter half of the nineteenth century, it was the principal metallic
structural material. :

Steel assumed its present place as the most important metal for gen-
eral construction purposes with the development of the Bessemer process
of steel making following its invention in 1855. Prior to this time steel
had been produced only by comparatively slow and expensive methods,
which made impossible any real competition with the relatively cheap
wrought iron. In recent years open-hearth process steel has been replac-
ing Bessemer steel.

Pig iron has no uses in construction, but is the raw form of iron from
which wrought iron and steel as well as cast iron are made.

3. General Classification of Iron and Steel. Iron products may be
grouped under the following heads:

Pig dron, the product obtained by the reduction of iron ores in
the blast furnace. Carbon is present in amounts not usually below
2.5 per cent nor above 4.5 per cent. It is cast as it flows directly from
the blast furnace into rough bars called * pigs.”

Cast iron, remelted pig iron after being cast or about to be cast
in final form. It does not necessarily differ from the pig in compo-
sition, and is regarded by the metallurgist as the same thing as pig
iron. It is not malleable at any temperature.

Malleable cast iron, a form of cast iron which by a special annealing
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treatment after casting in final form has been rendered malleable or
semi-malleable. ’

Wrought iron, a form of iron which is aggregated from pasty parti-
cles without subsequent fusion. Wrought iron contains slag enclo-
sures, and is initially malleable, but normally possesses so little
carbon that it will not harden when rapidly cooled.

Steel, iron which has been cast from a molten mass, whose composi-
tion is such that it is malleable at least in some one range of tem-
perature, and which may or may not harden upon sudden cooling.
Steel which owes its distinctive properties chiefly to carbon is called
carbon steel. Steels whose distinctive properties are due chiefly to
the presence of elements other than carbon are called alloy steels.

THE RAW MATERIALS OF THE IRON INDUSTRY

4. Ores of Iron. Ores of iron consist essentially of compounds of
iron, usually oxides, mixed with “gangue” (silica, clay, etc.), and those
of commercial importance contain from 25 to 70 per cent metallic iron.

Iron is extracted from ores by a process known as ‘‘smelting,”” which
consists primarily in the heating of the ore to a high temperature under
strongly reducing conditions in the presence of a flux. The reducing
agent serves to remove the oxygen from the oxides of iron, leaving metallic
iron together with such elements as carbon, silicon, manganese, phos-
phorus, and sulphur, which are invariably present either in the ore or in
the fuel used in melting. The flux, usually limestone, combines with
the gangue of the ore and the ash of the fuel, producing a fusible slag
which may be separated from the metallic iron. The forms of iron ore
of greatest commercial importance are hematite, limonite, magnetite, and
tron carbonate.

6. Hematite. Hematite, sometimes called “red hematite” or ‘“red
iron ore,” is anhydrous ferric oxide, Fe;0;, containing when pure 70
per cent iron. It varies from black to brick red in color, is usually very
hard and heavy, but often occurs as an earthy ore which is cheaply
handled. Hematite is almost entirely non-magnetic, and when pure is
almost identical in appearance and composition with ordinary deep-red
iron rust.

8. Limonite. Limonite, also called ‘“ brown iron ore,” or “bog iron
ore,” is hydrated ferric oxide, Fe;O; + [#]H:O, containing about 60
per cent iron. It differs in composition from red hematite only in that
it contains about 14.5 per cent chemically combined water. It is softer
than red hematite, lighter, and occurs usually in massive form. A
familiar form of limonite is the newly formed fresh yellow rust on iron.
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7. Magnetite. Magnetite is the magnetic oxide of iron, Fe,O,, con-
taining when pure 72.4 per cent iron. It is a hard black mineral oceur-
ring in granulated or massive structure. It is almost as magnetic as pure
iron and very heavy. It is identical in composition with the black mill
scale which forms on iron at temperatures above redness.

8. Iron Carbonate. Iron carbonate, commonly called “siderite’’

““gpathic iron ore,” FeCO,, contains when pure 48.3 per cent iron.

It changes to limonite and hematite on weathering. It is rarely used
as an ore in its raw state, but is subjected to a preliminary calcination to
remove the CO;.

9. Ore Mining and Transportation. The manner of mining adopted
depends to a great extent upon the physical condition of the ores. Many
of the deposits of hematite ore in the Lake Superior district, are so soft
and finely divided that they are very easily and cheaply worked by
steam shovels. Others in the same district are hard and dense, and
must be drilled and blasted. These rock ores are more expensively mined
than the soft ores, but, the use of a certain proportion of rock ore with
the earthy ore is indispensable to the successful operation of the blast
furnace.

The limonites are always rather soft; the magnetites, on the other
hand, are usually very hard and dense and are necessarily mined or
quarried by the use of explosives and crushed before smelting.

Iron ores and the proper fuel for smelting are not often found in the
same locality, therefore one of the great problems in the iron industry
is the bringing of these two raw materials together in the most efficient
manner.

10. Special Preliminary Treatment of Ores. Practically all of the
hematite is charged into the furnace without any preliminary treat-
ment. Some ores, however, behave more satisfactorily in the furnace
after having been subjected to one or the other of the following pre-
liminary processes.

Calcination is resorted to for the purpose of removing water from
limonites or hydrous ores; removing CO; from carbonates; oxidizing
a portion of the gangue of dense ores, particularly magnetites, thereby
rendering them more accessible to the furnace gases; or rendering the
ore magnetic to facilitate subsequent magnetic concentration. The cal-
cination is usually accomplished in vertical furnaces resembling a mixed
feed type lime kiln. The fuel is charged with the ore at the top and the
temperature is controlled by regulation of the air supply.

Roasting is for the purpose of removing sulphur from ores. The
sulphur is present as pyrite, FeS,, which is-decomposed at a moderate
heat, liberating S and forming FeS. The FeS is oxidized by air to form
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ferrous sulphate, FeSO,, and further heating decomposes the sulphate,
forming ferric oxide, Fe;03, with the liberation of sulphur dioxide and
oxygen: .

Roasting is accomplished either in large cylindrical kilns, the fuel
being mixed and charged with the ore at the top or in a gas-fired kiln
which consists of an annular brick-lined chamber surrounding a central
cylindrical flue. .

Concentration of ores is employed occasionally for the purpose of free-
ing the ore of a part of the gangue, and for enriching ‘the ore before
smelting. Wet concentration is sometimes used to remove clay, loam,
etc., by a simple process of washing. Another method of wet concen-
tration is by the use of jigs which separate pebbles and sand from the
ore by agitation of perforated trays set in tanks of water.

Dry concentration is usually accomplished by some type of magnetic
separator. If the ore is not already magnetic it is magnetized by pre-
liminary calcination. It is then crushed and passed in a thin layer before
strong magnets, thé magnetic portion being thus attracted away from
the non-magnetic.

11. Grades of Ore. Ores of iron are divided into two main classes
known as Bessemer ores and non-Bessemer ores. This division is due to
the fact that acid Bessemer steel must contain less than 0.1 per cent
phosphorus, and neither the blast furnace reduction of the ore nor the
acid Bessemer steel process is able to reduce the phosphorus content.
All ores in which the phasphorus content does not exceed one-thousandth
part of the iron content are therefore classed as Bessemer ores, and all
ores carrying a higher percentage of phosphorus as non-Bessemer
ores.
12. The Flux. The function of the flux is to provide a fusible slag
in which the non-metallic portion of the ore may be carried off. The
exact character and amount of the flux needed will depend upon the
composition of the ore and fuel used, and the character of pig iron
required. In general it may be said that a basic flux is required for
acid gangues (high in silica, alumina, etc.), while an acid flux may be
required where the gangue is basic (high in lime, magnesia, or alkaline
matter). As a rule gangues are acid in character and therefore the
fluxes are usually basic in character.

The flux serves another purpose, besides taking care of the gangue
and ash. The sulphur in the charge, whether in the ore or in the fuel,
combines with the lime of the flux, forming calcic sulphide, which is
removed in the slag.

13. Fluxes Used. The most common form of basic flux is limestone.
Limegtone used as a flux should be very pure, since the presence of acid
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impurities greatly impairs its efficiency in fluxing the silica, alumina,
etc., in the gangue. At least 95 per cent pure CaCOQj, is desirable.

Pure or high calcium limestones are not always available, and mag-
nesian or dolomitic limestones are sometimes used. The replacement
of a considerable part of the calcium by magnesium does not appear to
appreciably impair the efficiency of the flux.

14. The Fuel. The fuel used in a blast furnace must serve as a
reducing agent as well as a source of heat. The fuel requirements from
the standpoint of heat required always exceed the requirements for
reduction, and therefore only its thermal value need be considered in this
connection.

The rapidity of melting attained in the furnace is dependent upon
the rapidity of heat production, which, in turn, is dependent upon the
rapidity of oxidation of the carbon of the fuel by the oxygen of the air.
It is therefore desirable that a fuel, in addition to having a high calorific
value, have a porous rather than a dense structure, thereby affording
additional surface to the action of the oxygen. It is further necessary
that it possess sufficient firmness while being heated so that it will not
fill up the interstices of the charge, thereby impeding the flow of the
gases.

All solid fuels consist of a combustible portion, carbon and hydro-
carbons, which combine with oxygen to form gases, and an incombus-
tible portion which remains as a solid residue called ash, and must be
fluxed from the furnace.

Three classes of solid fuel have been used in the blast furnace; coal,
coke, and charcoal. From the standpoint of structure and accessibility
to oxidation charcoal surpasses coke and coke surpasses coal. From the
standpoint of firmness coke stands first and charcoal is least desirable.
Most of the hard, well-made cokes withstand the pressure of the charge
very well. Bituminous coals melt down during heating, and an-
thracites under similar circumstances are apt to splinter into fine par-
ticles.

Charcoal is the purest of the solid fuels and has the least ash. An-
thracite coal is less pure than charcoal and has much more ash; it is,
however, much purer than coke and has very much less ash.

Each type of fuel has its advantages and all are used.

16. Coal. Anthracite coal is the only natural fuel which can be
successfully used in the blast furnace without preparation. It contains
very little volatile matter, the fixed carbon amounts to about 90 per cent,
it is ignited with difficulty, and burns slowly. It becomes broken up
very finely upon heating.

Bituminous coals have been used in blast furnaces abroad, but, be-
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cause of the above indicated character of the American bituminous coals,
they have never been successfully used.

16. Coke. Coke is the solid residue obtained by the distillation
of certain grades of bituminous coals called *coking coals.” A coking
coal when heated out of contact with air to certain temperatures swells,
becomes pasty, and emits bubbles of volatile gases, chiefly hydro-
carbons, leaving a residue of fixed carbon, together with the ash, the
phosphorus, the sulphur, etc. The weight of the coke is usually about
two-thirds that of the coal used.

17. Charcoal. Charcoal is the fixed carbonaceous residue obtained
by heating wood without contact of air, the volatile gases being driven off.
Charcoal possesses almost the original bulk of the wood used, but is very
light and very porous. It is fragile, but will withstand fairly heavy
steady pressure. The ash content is very low (less than 3 per cent).
Those charcoals made of soft woods at low temperatures ignite most
readily, and those made of hard woods at higher temperatures ignite
with difficulty.

18. Coke Manufacture. Coke is manufactured by either of two
general processes. The older method produces beehive coke, so-called
because of the shape of the oven used. The beehive oven is a circular
dome-shaped structure built of brick about 12 feet in diameter and 7
feet high. Two openings are provided in the masonry, one in the crown
used for charging, the other a larger opening left at the base for the
purpose of withdrawing the coke.

A charge of about 5 tons of bituminous coal is dropped through the
crown opening and leveled off. The door at the base is then bricked up,
with the exception of a slit at the top about 1 inch wide left as an inlet
for air. The mass gradually gathers heat from the masonry, which is
still hot from the previous charge, until the ignition point of the slowly
distilling gases is reached and they begin to burn in the open space above
the coal. Sufficient air to support their combustion is admitted through
the slit left in the door.

The heat of oxidation of the gases raises the temperature of the coal
rapidly, and distillation proceeds quickly from top to bottom of the
coal. The coal increases in volume considerably during distillation,
then fuses into a pasty mass, and finally, when all volatile gases have
been driven off, it again becomes solid and shrinks below its original
volume. The air supply must not be in excess of that required for the
oxidation of the gases, as an excess means oxidation of the carbon of the
coke.

The time required for making furnace coke is about forty-eight hours,
while the better grade of foundry coke requires about seventy-two hours.
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When distillation is complete, the door is opened and the coke is
sprayed with water. The consequent cooling causes contraction and
splitting up of the solid mass into fragments whose lengths represent the
depth of the bed of coke. The entire mass is now withdrawn and
further cooled with water, and the oven is immediately recharged.

The “by-product’’ coke process differs from the beehive method in
that the coking is accomplished in a closed retort, the gases being saved.

Retort or by-product coke is made in one of two types of retort ovens
— the Semet-Solvay retort, and the Otto-Hoffman retort.

The Semet-Solvay retorts are long narrow chambers arranged in
batteries of a score or more, the individual retorts being separated by
heavy masonry walls. Openings are provided above for the charging
of coal, and for the escape of gas. The retort walls are lined with hollow
flue tiles and a part of the gas driven off from the retort charge is mixed
with air and burned in these flues. The heavy brick walls.between the
retorts are thereby heated to a high degree and the heat retained tends
to equalize the temperature in the retort at the beginning and end of
the process.

A charge is coked in eighteen to twenty-six hours. The retort is
-charged by overhead mechanical devices, and the coke is discharged by
a mechanical pusher which forces the entire retortful of coke out bodily.
The water cooling is done outside the retort.

The distillation begins at the retort walls and proceeds inward. The
products of distillation are conveyed by a collecting pipe to the con-
densing plant where they are relieved of the tar, ammonia, etc.

The Otto-Hoffman retort oven differs from the Semet-Solvay retort
principally in that provision is made for using a part of the heat of the
escaping products of combustion to heat the incoming gas and air which
are mixed and burned in the flues surrounding the retorts. The retorts
are arranged in batteries of about fifty. The intervening walls are 12
inches thick and contain the flues in which the gases are burned. For
this purpose about one-half the purified gas from the retorts is used.

The operation of the furnace involves the regenerative principle. The
escaping hot products of combustion in the flues are led through cham-
bers in which brick are piled to form a loose checkerwork. In their
passage they heat up the brickwork of the regenerative chamber before
passing on to the stack. After a definite interval of time the course of
the escaping burned gases is diverted to a second set of regenerative
chambers. The air and gas which are to be used in heating the retorts
are now admitted separately through flues beneath their respective hot
regenerative chambers and in passing up through the hot checkerwork
become heated before reaching the flues where they are burned. The
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direction of circulation of the gases through the flues 18 reversed at fre-
quent intervals so that one set of regenerators is always being heated by
the burned gases while the second set is performing its function of pre-
heating the incoming gas and air.

A charge is coked in from twenty-four to thirty-six hours, the charg-
ing and discharging, and also the condensing of the products of distilla~
tion being accomplished in a manner similar to that used in the Semet-
Solvay process.

19. Charcoal Manufacture Charcoal was at one time commonly
made by burning in heaps without recovery of the by-products. The
percentage of volatile constituents of wood is much higher than is the
case with coal, however, and the waste in charcoal-making is therefore
much greater than in coke-making. This fact largely accounts for the
early adoption of kilns and closed retorts in charcoal-making. Most of
the charcoal now made is burned in by-product retorts with recovery of
wood alcohol, acetic acid, tar, gas, etc.

MaNvUFAcTURE OF Pia IRON

20. The Blast Furnace Process in General. Practically all of the
iron used commercially, whether it be used as cast iron, wrought iron,
or steel, is first reduced from the ores in a blast furnace to form pig iron.
The process of smelting iron in the blast furnace consists essentially of
charging a mixture of fuel, ore, and flux into the top of the furnace, and
simultaneously blowing in a current of air at the bottom. The air burns
the fuel, forming heat for the chemical reactions, and for melting the
products; the gases formed by this combustion remove the oxygen from
the ore, thereby reducing it to metallic form; and the flux renders the
earthy materials fluid. The gaseous products of the operation pass out
at the top of the furnace, while the liquid products, pig iron and slag,
are tapped off at the bottom. The escaping gases are combustible, and
therefore are conducted through pipes to boilers and stoves, where they
perform the useful service of heating the blast and raising steam or oper-
ating internal combustion engines.

The essential equipment of a smeltery consists of the blast furnace
itself, the equipment for handling the charges and the products, stoves
which preheat the air used for the blast, and blowing engines which
supply air under pressure and deliver it to the furnace.

21. The Blast Furnace and its Mechanical Equipment. The blast furnace (Fig. 1)
consists of a vertical shaft built of steel and lined with firebrick. The lower portion,
called the ‘“hearth” or “crucible,” is cylindrical, about 8 feet high, and 15 to 17 feet in
diameter. It contains the ‘tuyédres,” the ‘“cinder notch,” and the “iron notch,” and
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serves as a crucible in which the molten products of the operation are collected. Above

the hearth the walls diverge, forming an inverted truncated cone called the ‘“bosh,”

which is 12 to 13 feet high and 22 to 24 feet in diameter at the widest point. Above the
boeh .extends the ‘stack,”
converging to a diameter of
about 16 to 18 feet at the
‘“throat’’ at a height of 45 to
60 feet above the bosh.

The shell of the shaft above
the bosh is so constructed as
to be independent of the
parts below. It is supported
by a steel ring called the
‘“mantle,” resting upon col-
umns. The walls of the shaft
portion of the furnace, called
the “inwalls,” have a lining,
usually 27 inches thick, of
hard, high-silica, fireclay
brick designed to resist abra-
sion. The lining of the bosh
is also 27 inches thick, except
when the bosh is surface-
cooled, in which case a 9 to
13 inch lining is used. The
lining of the hearth usually
increases in thickness down-

. ward, being more than 30
" inches thick at the bottom.
© A more refractory but softer
' fireclay brick is used in the

lining of the bosh and hearth.
Fig. 1. — Blast Furnace and Charging Mechanism. The ring of “ tuyéres"”
“ (Campbell.) # pierce the hearth lining just

below the bosh. There are 8
to 16 pipes having an internal diameter of from 4 to 7 inches, through which the hot
blast of air is driven. Both the tuyéres and the tuyére-blocks are protected from burn-
ing by being made of hollow metal construction and cooled by water circulating through
them.

The hole for tapping off the liquid slag, called the “ cinder notch,” is located on the
side of the hearth about 3 feet below the tuyéres. This also is protected by a water-
cooled casting. It is closed by stopping up the hole by an iron bar having an enlarged
end, until the slag itself has solidified and plugged the hole.

The “iron notch” or ‘“tap-hole,” used for tapping out the molten iron, is located
at the very bottom of the hearth in the front or ‘“breast’ of the furnace. It is com-
monly stopped by ramming in several balls of clay.

The hottest part of the furnace, the bosh, is cooled in one of two ways: The older
method involves the use of thick walls in which wedge-shaped hollow castings are
inserted. These ‘“cooling plates” are provided with inlet and outlet pipes and are
kept full of circulating water. They are so placed as to form a series of rings from 1
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to 2 feet apart vertically. The second method consists of “‘surface-cooling” of the
bosh walls, which in this case are not over 13 inches thick. The cooling is accom-
plished either by sprays of water directed against the bosh jacket from all sides, or by
a spiral trough winding about the boshes and kept full of running water.

A modification of the blast furnace consists in the application of surface cooling to
the entire stack of the furnace. This necessitates the use of a thin lining of the ““in-
wa.lls,” usually 12 inches. Both the spiral trough and the spray method of cooling are

The increase in sectlona.l area as the material sinks below the level of the stock line
allows for the natural expansion at the higher temperature, and tends to prevent clog-
ging. The reduction in the bosh holds up the material until the fuel is burnt out, and
the liquid iron and slag gradually drop into the hearth, where their difference in specific
gravity causes them to separate, permitting them to be tapped out separately.

The combustible gases generated during smelting are taken from the furnace just
below the bell through outlets, one to four in number, which converge into a single
large pipe called the “down-take.” An auxiliary pipe connected with the gas outlet
pipes, and provided with a valve called the ‘“bleeder,” serves as’an emergency relief
at times of unusual gas pressure.

Near the lower end of the down-take the *dust-catcher” is placed. This is simply
an enlargement of the pipe designed to remove solid particles carried over into the
down-take by reason of the velocity of the current of gases. The gas can now be
used under boilers or in hot-blast stoves, but cannot be used in internal combustion
engines without having first been cleansed in some type of washing device wherein
all suspended matter is removed by water. In American practice two long rows of
storage bins behind the blast furnaces are kept filled with ore by bottom-dump cars
or a conveying device. Between and under the bins runs a track upon which “ore
larries” are switched back and forth containing in succession weighed amounts of ore,
flux and fuel. These cars discharge into the loading skip of the blast furnace. The
charging is accomplished by means of a long double-track inclined skipway, the
mechanism of which is controlled from the ground level. The skips are loaded by
gravity from the larries, elevated to the top of the furnace, and discharged into the
hopper automatically.

The upper hopper of the furnace is closed at the bottom by an inverted iron cone
called the “bell.” By lowering the bell the contents of the upper hopper are allowed
to fall into the hopper proper of the furnace. This larger hopper is also closed by a
bell. At intervals the bell is lowered and the contents of the hopper are distributed
in an even layer upon the material already in the furnace. At this time the upper
hopper is closed so that there is never a direct opening from the interior to the open
air. Sometimes elaborate devices are installed to insure an even distribution of the
charge as it falls into the furnace, avoiding the segregation of the fine and coarse
material that is apt to be caused by the ordinary bell.

22. Hot-blast Stoves. Each furnace is connected with from three to five hot
blast stoves. The design of the stove varies, but the same principles govern the opera~
tion of all.

The stove consists of a vertical steel cylinder, 20 to 22 feet in diameter and 80 to
110 feet high, containing two firebrick chambers. The central chamber is open, while
the outer annular chamber is divided into a large number of small flues. Gas from the
blast furnace and a definite proportion of air are admitted at the bottom of the open
chamber and burned. The products of combustion rise to the top of the furnace and
pass downward through the small flues and thence to the stack. The greater part of
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their heat is taken up by the brickwork of the flues. After burning gas in a stove for
about three hours the latter is hot enough 'to heat the blast.

Air from the blowing engines is now admitted at the bottom of the small flues in
the outer chamber and passes upward, taking up the heat stored in the brickwork.
Thence it passes downward through the central flue to the furnace. The blast tem-
perature is kept fairly uniform by working about four stoves per furnace, keeping three
always “on gas’’ while the fourth is “on air,” and changing stoves about once an hour.

28. The Blowing Engines. The air for smelting is delivered under pressure by
blowing engines, which deliver the air at a pressure of from 15 to 30 pounds per square
inch. The blowing engines are driven by steam or by internal combustion engines
which utilize the gas from the blast furnace.

24. Drying the Blast. The presence of moisture in the air of the
blast means an expenditure of a large amount of fuel which serves no
purpose other than dissociating the water vapor. For this reason most
furnaces are equipped with refrigerating devices whereby the air is cooled
far below its dew-point, and its moisture largely reduced by condensa-
tion before being drawn into the blowing engines.

Tue FuncrioNns OF THE BLAsT FURNACE

26. General. The blast furnace has five distinct duties to perform:
Deoxidize the iron ore; )
Carburize the iron-
Melt the iron;
Render fusible and melt the slag;
Separate the molten iron and the slag.

26. Deoxidation of the Iron Ore. The recovery of iron would be
impossible without deoxidation, because of the operation of the general
principle that oxidized bodies in a state of fusion will not unite with
unoxidized ones. The application of this principle to the metallurgical
processes in iron- and steel-making may be stated as follows:

First, when an element such as carbon, silicon, or phosphorus,
existing in chemical union with a metal, combines chemically with oxy-
gen, the resulting oxidized product must, when melted, separate itself
from the remaining metallic portion.

Second, if oxidized metal parts with its oxygen and becomes reduced
to the metallic state, the newly liberated portion joins the metal in the
furnace. .

If, therefore, the iron were not reduced, the iron oxide would not be
recovered, but would be lost with the slag.

27. Carburization of the Iron. Carburization of the iron is essen-
tial because at the temperature attained in at least the greater part of
the melting zone it would be impossible to melt free iron, whereas iron
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saturated with carbon is sufficiently superheated beyond its melting-
point to make it very fluid, so that it easily becomes separated from the
slag in the hearth.

28. Melting the Iron. When fusion takes place all oxidized bodies
unite to form the slag and expel therefrom all fused unoxidized bodies.
It is, therefore, essential that the iron be fused in order that it may be
expelled from the slag. The molten iron will necessarily absorb all
deoxidized substances such as silicon, manganese and phosphorus, which
exist as free metals or metalloids in the lewer portion of the furnace. .
Carbon will also be absorbed until the saturation point is reached.

It is further essential that the iron be not only fused but superheated,
in order that it may remain fluid until drained from the furnace and cast
into pigs or transported to steel furnaces.

29. Conversion of Gangue to Fusible Slag. The function of the
slag formed in the blast furnace is primarily the elimination of all non-
volatile matter in the gangue of the ore and in the fuel which does not
properly belong in pig iron. This can be accomplished only by giving
to the slag such a composition that it will offer a greater attraction to
the impurities than does the metal.

The slag-making materials consist of the gangue of the ore, the ash
of the fuel, and the lime of the flux. The chemical nature of the slag
and consequent metallurgical action is controlled by varying the rela-
tion of lime to the other slag-making constituents in the furnace charge.
The slag-making materials upon fusion form a molten silicate of lime,
together with magnesia and alumina.  The alumina and earthy and
alkaline bases naturally enter into the slag, since they exist as oxides
and are not reduced in the furnace. In addition, the bulk of the silicon
will enter the slag as silica (SiO.), and most of the sulphur, by an entirely
chemical action, enters the slag as sulphide of calcium, which, although
an unoxidized body, does not unite with the molten iron, but appears to
dissolve in the slag.

30. Separation of Iron and Slag. The two substances are chemically
mutually repellant, and both are very fluid and of different specific
gravities. The slag floats upon the molten iron in the hearth of the
furnace and may be readily tapped off through the cinder notch above
the level of the iron.

OPERATION OF THE BrasT FURNACE

31, Starting the Furnace. A new furnace must be first dried for
several days by a wood fire built in the hearth. After drying, a scaffold
is built just above the tuyéres and two or three courses of cord-wood
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placed vertically are laid thereon. The wood is followed by a blank
charge of coke mixed with enough lime to flux its ash,extending to a
point about midway in the height of the furnace. Upon this bed of
coke the charges of fuel, ore and flux are begun and the furnace com-
pletely filled. Kindling is placed beneath the scaffold, kerosene is
introduced in the tuyeéres, the top of the furnace is opened, a light blast
started, and the kindling ignited. '

The top is kept open until the wood smoke disappears, after which
the gases are taken care of by the down-take. Charging continues as
the stock line settles, the proportion of ore and flux to fuel being grad-
ually increased until the normal burden is reached in a week or ten
days.

32. Mechanical Control of Furnace and Accessories. The com-
puted proportions of ore, flux, and fuel are weighed in the ore larries
before being discharged into the loading skips. Various devices are
used for accomplishing an even distribution of the stock as it falls into
the furnace, the intention being the prevention of segregation of the
coarse and fine material.

The hot-blast stoves are controlled by a series of valves, which regu-
late the admission of gas, the admission of air from the blowing engines,
the outlet of hot gases to the furnace, and the chimney draught while
“on air.”

The temperature of the furnace is mechanically controlled by con-
trol of the temperature and pressure of the air blast.

The slag must be tapped off within ten to fifteen hours after starting
the blast and thereafter about every two hours, the intervals becoming
shorter as the level of ‘the molten iron rises toward the level of the slag
notch. The iron is tapped about twenty to thirty hours after starting

the blast and thereafter at intervals of
about four to five hours. Peep holes
are provided in the furnace walls so that
the proper time for tapping slag or iron
may be observed.

The cinder notch is opened up by use
of a pointed bar, and closed by holding
in the hole a bar (having an enlarged
end) until the cinder chills against it.

_ . - The iron notch is opened by drilling

Fra. 2. — Gun }f;’;le_l)]u“mg Tep through the clay which closes it, and
finally driving in a pointed bar. It is

closed either by cutting off the blast and driving in balls of clay by
hand tools, or by a machine called the “gun” (Fig. 2), which by action
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of a piston drives balls of clay into the tap-hole without requiring
complete cutting off of the blast pressure.

33. Metallurgical Control of Furnace. The strength of the deoxi-
dizing agencies may be regulated by controlling the hearth temperature,
by varying the furnace burden, and by varying the slag composition.

The hotter the furnace the more powerful will be the deoxidizing
action. Increasing the fuel ratio has a direct effect upon furnace tem-
perature, and an indirect effect in increasing the deoxidizing action.
Increasing the lime-magnesia content of the slag has the effect of raising
its melting-point and as a result the hearth temperature is again in-
creased with consequent increase in the strength of deoxidizing agencies.

Control of Hearth Temperature. The hearth temperature may be
raised in three ways: by increasing the proportion of fuel to ore and
flux; by raising the blast temperature and pressure; and by making the
slag more infusible. The' first and second methods need no further
explanation. Making the slag more infusible raises the hearth tem-
perature because a very fusible slag becomes very fluid high up in the
melting zone and rapidly traverses the hottest part of the furnace with-
out opportunity to absorb much heat. A less fusible slag, on the other
hand, will descend slowly through the hottest part of the furnace,
gradually melting and becoming superheated, so that when it finally
trickles down into the hearth it will convey a great amount of heat.

Burdening the Furnace. The proportion of ore and flux to the fuel
in the furnace charge is called the furnace ‘“burden.” Successful opera-
tion depends more upon the proper burdening than upon any other single
factor in the furnace management. The method of determining the fur-
nace burden is somewhat complex, and is dependent in its details upon
the experience gained in the use of given ores.

The flux required is expressed in tons of stone per ton of pig iron
produced and the total, when a slight addition has been made to flux
the sulphur, will express the total tonnage of limestone to be charged per
ton of pig iron made.

The tonnage of ore required per ton of pig iron produced may be
calculated directly from the percentage of iron in the ore. The amount
of fuel required per ton of iron produced is fixed by two considerations:
first, the amount of carbon required to form and melt the slag, and second,
the amount of carbon required to reduce, carbonize, and melt the pig
iron. These requirements are separately computed, the factors em-
ployed being largely determined by the experience of the furnace
manager. The quotient of the total carbon required by the percentage
carbon in the fuel is the coke required per ton of pig produced.

Very commonly in American practice two distinct kinds of ore must
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be charged, one a soft earthy ore such as is mined on the Messabi range,
the other a rock ore which must be used to prevent clogging of the furnace
by the earthy ore. The problem of determining the furnace burden is
not materially affected except that the two ores must be considered
separately, and the proportion of each as well as the fuel and flux require-
ments of each is separately determined.

34. Action within the Furnace. Solids and Gases. In consequence
of the fact that all of the solid material used in the blast furnace is intro-
duced at the top, while the air, enters at the bottom, we may consider
that we have in the furnace two moving currents; one a slow current of
descending solids, the other a rapid current of ascending gases. The in-
teractions of these two currents constitute the greater part of the changes
which take place outside of the smelting zone.

The Fuel and Heat Development. The primary source of heat in the
furnace is the carbon of the fuel, and if all of the carbon were completely
burned the total heat developed would simply be 14,550 B.T.U. per
pound of carbon. Since the furnace gases are combustible, however,
it is evident that not all of the carbon is completely burned, and since
pig iron contains carbon, it is further evident that a part of the carbon
is not burned at all.

The carbon that is used to reduce the oxides of iron, silicon, mangan-
ese, phosphorus, etc., is all completely burned to CO,. The balance of
the carbon in the fuel, after that absorbed by the iron and a further
quantity required to reduce the CO; of the flux to CO has been de-
ducted, is burned to CO.

In addition to the heat developed by the burning of carbon there is a
secondary source of heat, the heat in the air blast.

Chemical Reactions. The exact nature and sequence of chemical
reactions in the blast furnace are not easily determined and there is con-
siderable divergence in opinions of various authorities, but in general
the chemical phenomena of a blast furnace as the charge passes through
are as follows:

The ore as it enters the furnace encounters an atmosphere of gases
made up of CO;, CO, and N. The Fe;0; of the ore immediately begins
to be reduced by CO, forming Fe;O, with the evolution CO, and attended
by the freeing of a certain amount of carbon. (This carbon becomes
deposited in the form of lamp-black upon the solid material of the charge
and on the walls of the furnace.) When the material has sunk 12 to
15 feet below the stock line, the newly formed Fe;O, begins to be further
reduced by CO to form FeO, attended by the further evolution of CO,.
Then the FeO begins to be reduced by CO to metallic iron at a tempera-
ture of 700° C. (1292° F.), and practically none exists at temperatures
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above 800° C. (1472° F.). The iron at this time assumes a spongy
form.

The decomposition of the limestone begins at a temperature of about
800° C. (1472° F.), and is completed very quickly. The CO, liberated
is rapidly reduced by C to CO, while the lime descends to the zone of
fusion to flux the acid portion of the charge.

The travel of the materials through the region between the point of
completion of the decomposition of limestone and the upper limit of the
smelting zone is characterized by no chemical action. During this
transit the materials absorb much heat, however, and the temperature
rises steadily as the tuyeres are approached.

The portion of the furnace constituting the lower part of the bosh
is called the ‘‘smelting zone.”” It is characterized by chemical actions
impossible above this zone because of insufficiently high temperatures.
The air of the blast is immediately separated at the tuyére level into
oxygen and nitrogen, and the latter, being practically inert, passes up-
ward in substantially its original volume. The oxygen immediately burns
the carbon of the coke to CO,, which is in turn rapidly reduced to CO.

The smelting zone is from a chemical point of view primarily the zone
of reduction of the metalloids (manganese, silicon, and phosphorus)
through the agency of solid carbon, and the removal of sulphur through
the joint agency of the lime of the flux and the carbon of the fuel.

The reduction of the oxides of manganese, silicon, and phosphorus
by carbon is in each case attended by the evolution of CO. Perhaps
two-thirds of the manganese will under ordinary conditions be reduced
and therefore be found in the iron. Silica is not so readily reduced, the
extent of the reducing action being largely dependent upon the hearth
temperature and the composition of the slag. Phosphoric acid is readily
reduced at the temperature of the smelting zone and practically all of
the phosphorus in the charge will therefore be found in the pig iron.

The behavior of sulphur in the smelting zone is not analogous to that
of the metalloids above considered. Whatever the original form of the
sulphur in the charge it will probably reach the smelting zone in the form
of ferrous sulphide, which is soluble in iron. Sulphur readily combines
with the bases of the slag, particularly lime, and is thereby removed in
the slag in the form of calcic sulphide, CaS. Iron is thereby restored to
the metal, and the oxygen liberated in the presence of carbon reacts to
form CO again.

356. Handling the Products. The Iron. The iron when tapped
from the furnace is handled in one of two general ways; by casting into
pigs or still molten in ladles.

Formerly all the iron was cast in sand pig-beds, which consist of a
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series of parallel depressions molded in a bed of silica sana on the floor
of the cast-house. Fig. 3 shows such a pig-bed. The individual de-
pressions are connected to cross runners which in turn connect with the
main runner leading from the
tap hole. Sand casting is
now seldom used.

A modification of the sand
pig-bed, the “chill pig-bed,”
is sometimes used. It is sim-
% ply a pig-bed made of cast

iron, molded in shape very

- similar to that of the sand

F16. 3. — Sand Casting Pig-bed. pig-bed, but not requiring

any preparation  beyond

sprinkling with a clay wash to prevent the pig iron from sticking to the
molds.

The iron pigs are broken from the cross runners by hand sledges and
bars or by a mechanical pig breaker, and the cross runners are similarly
broken up into convenient lengths.

A large proportion of the iron molded into pigs is cast in pig-molding
machines, one type of which is illustrated by Fig. 4 The machine

~
)

Slag Runner

Skimmer

Fia. 4. — Pig-moulding Machine.

consists esscntially of a continuous series of pressed steel molds carried
on an endless chain. The iron runner of the furnace delivers the molten
iron into a ladle which is discharged into a spout whence the metal is
poured into the molds as they slowly travel past. The iron quickly
chills and is discharged into a car when the mold passes over a sheave
at the end of the run. On the return the molds are immersed or sprayed
with limewater to prevent the pigs adhering. The cooling of the pigs
is usually facilitated by depressing the chains and running them through
a tank of water.

The blast furnace is so often operated in direct conjunction with a
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steel plant that the iron is very commonly not cast into pigs at all, but
is run directly into ladles which transport it to the steel furnaces. The
ladle is built of steel, mounted on trunnions on a car-truck, and lined
with firebrick. Its capacity is usually 20 tons or more.

Slag Handling. The slag which accumulates above the level of the
cinder notch is tapped off at intervals of about two hours, while the iron
notch is closed. When the iron notch is opened iron free from slag
flows at first, but later on in the cast a quantity of slag accompanies the
iron, floating on top just as it does in the hearth. This slag is easily
separated from the iron by a “skimmer "’ placed in the main iron runner.
The skimmer usually consists of a permanent cast-iron trough, having a
depression followed by a dam over which the iron must flow. The
skimmer is suspended over the depression at such a height that it rests
on top of the stream of iron and effectually prevents the slag from being
carried over the dam. An opening in the side of the trough allows the
slag to overflow into a runner, whereby it is carried to the main slag
runner which leads from the cinder notch to the point where the slag is
discharged into ladles and carried to the slag dump.

THE .ELECTRIC REDUCTION OF IRON ORES

38. General Considerations. The electric furnace has been used
in the metallurgical industries for a considerable period, but it is only
recently that the difficulties in the way of practicable operations have
been removed to such a degree that pig iron has been successfully pro-
duced on a commercial scale.

In the blast furnace fuel must be supplied to serve two purposes:
the introduction of carbon, the oxidation of which supplies the neces-
sary heat; and the introduction of carbon to act as a reducing agent.
In the electric furnace the requisite heat is supplied by electrical means
and the only carbon required is that needed for strictly reducing pur-
poses. It has been shown that the electric furnace needs about one-
third the amount of carbon required by the blast furnace.

On the other hand, the cost of heat produced by electrical means
will usually exceed the cost of heat produced by the combustion of fuel
except in ore districts where .the price of fuel is very high and electric
power low. It is only in such districts, therefore, that the commercial
extraction of iron by electric means can be successful.

37. The Electric Furnace. Many types of electric furnaces have
been used in the metallurgical industries, and may be classed as follows:

Furnaces using electrodes with an open arc, the heating being
done by radiation, called *arc furnaces.”
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Furnaces using electrodes that project into the charge or the
bath, called *resistance furnaces.” .
Furnaces without electrodes where the bath forms the secondary
of a transformer, called “induction furnaces.”
Only furnaces of the second or resistance type have been employed in
the smelting of ores. Fig. 5 shows the general arrangement of a fur-

Fia. 5. — Electric Ore Smelting Furnace. F1a. 6. — Electric Ore Smelting
Domnarfvet, Sweden. Furnace. Trollhitten, Sweden.

nace at Domnarfvet, Sweden, and Fig. 6 shows a modification of the
Domnarfvet furnace built at Trollhdtten, Sweden. This latter furnace

is similar to furnaces developed at Heroult, California, and may be
described as follows: -

The upper portion of the furnace presents an appearance very similar to that of
an ordinary blast furnace except that it is much smaller. This portion is supported on
columns over a large crucible which is lined with magnesite and provided with the usual
tap-holes for slag and iron. The shaft is provided with the usual charging arrange-
ment of hopper and bell, as well as gas outlets, bleeder, down-take and dust-catcher.

The current is introduced through six electrodes which are carried by adjustable
mountings so that the depth to which they project into the charge may be kept constant
as they become burned away. The electrodes are built of carbon and are fitted with
a screw and socket so that they can be screwed together, end to end. When an elec- -
trode has been lowered as far as it will go, a new electrode is screwed on to its top and
thus no part is wasted. )

The material of the charge conducts the current, and its electrical resistance de-
velops the necessary heat for smelting. The actual reduction of the ore is accomplished
as in the blast furnace through the agency of the carbon supplied by the fuel, the amount
required being only about one-third that required in the blast furnace.
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The pig iron produced in the electric furnace far excels in quality the usual output
of the coke-fired blast furnace. This may be attributed largely to the fact that it does
not contain any of the oxides which are frequently present in pig iron, owing to oxida~-
tion by the blast in passing the tuydres. The absence of nitrogen is also probably a
large factor. Still another metallurgical advantage lies in the fact that the tempera-
tures are very high and easily controlled, and the hearth lining is basic, so that a large
proportion of lime may be charged, making possible a very basic slag which facilitates
the removal of sulphur and even some phosphorus. These considerations have great
weight when it comes to making high-grade steel from pig iron.

PIG IRON

THE USES OF PIG IRON

38. Classification of Pig Irons. Pig irons are classified according
to method of manufacture, the purpose for which they are intended, and
composition.

Method of manufacture.
Coke pig: smelted with coke and hot blast.
Charcoal pig: smelted with charcoal, with either hot or cold blast.
Anthracite pig: smelted with anthracite coal and coke, with
hot blast.
Purpose for which intended.
Bessemer pig: for Bessemer or acid open-hearth process.
Basic pig: for basic open-hearth process.
Malleable pig: for malleable cast iron.
Foundry pig: for gray cast iron.
Forge pig: an inferior foundry pig used for manufacture of
wrought iron.
Chemical composition.
Silicon pig: high in silicon.
Low phosphorus pig.
Special low phosphorus pig.
Special cast irons (spiegeleisen, ferro-manganese, ferro-chrome,
ete.). '

The second of these classifications is most commonly used.

The composition of the different grades is usually specified within
the following limits:

Bilicon. Sulphur. Phosphorus.
Per cent. Per cent. Per cent.
Bessemer pig. ...... peeeeens 1-2.00 not over 0.05 not over 0.10
asiC Pig. ......oviiiiiinn. under 1.00 under 0.05 not specified
Malleable pig............... 0.75-2.00 not over 0.05 not over 0.20
Foundry pig................ 1.50-3.00 not over 0.05 0.50-1.00
Forgepig................... under 1.50 under 0.10 under 1.00
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Any of the above irons may be called ‘“sand-cast pig,”’ “chill-cast
pig,”’ or “machine-cast pig”’ according to the method of molding.

39. The Uses of Pig Iron. Pig iron as such has no structural uses,
but a considerable amount is used after remelting in the shape of cast
iron. By far the greater part of all of the pig iron made is converted
into steel either by the ‘bessemer process”’ or the * open-hearth process "’
or into wrought iron by the ¢ puddling process.” All conversion processes
have for their primary object the elimination of the greater part of the
non-ferrous elements present in the pig. Any of these processes will
reduce the carbon content to any desired point, while the silicon and
manganese are necessarily eliminated during the carbon reduction. Phos-
phorus and sulphur are also reduced by the puddling process and by a
special form of open-hearth process called the “basic open-hearth pro-
cess.” The difference between various steels and wrought iron is not
8o much a matter of chemical composition as of physical character
istics which are dependent largely upon the conditions of conver-
sion.

Before considering the various forms of iron a systematic classification
of pig-iron products will be made. The scheme presented below is,
with minor modifications, that proposed by Professor Howe.

CLASSIFICATION OF IRON

I. CarBoN Crass. (Properties chiefly dependent on carbon content.)
A. Weld Metal. (Aggregated from pasty mass without later fusion.)

1. Wrought iron. (C = 0.20%, or less.)
2. Blister steel. (C = 0.20-2.20%.)

B. Cast or Ingot Metal. (Cast as distinguished from aggregated.)

1. Steel. (Malleable when cast.)

Low-carbon steel. (C = 0.20% or less) ; ggf:il:;:;eeslt;eel

Medium steel. (C = 0.20-0.30%) .
High-carbon steel. (C = 0.30-2.20%) i: gm‘ﬁiesﬁ?

2. Cast Iron. (Not malleable, C = 2.20%, or more.)

Gray cast iron. (Carbon in graphitic state.)
White cast iron. (Carbon in combined state.)
Mottled cast iron. (Carbon partly in graphitic state.)
Semi-steel. (A mixture of cast iron and steel.)
3. Malleable Cast Iron. (Cast and then rendered malleable.)
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II. Auroy Crass. (Properties chiefly dependent on content of ele-
ments other than carbon.)

4. Special or Alloy Steels.

Nickel steel. Molybdenum steel.
Manganese steel. Vanadium steel.
Chrome steel. Titanium steel.
Tungsten steel. Silicon steel.
(High-speed steels.)
B. Ferro Alloys. (Used only to introduce certain elements into steels.)
Ferro nickel. Ferro molybdenum.
Ferro manganese. Ferro vanadium.
Spiegeleisen. Ferro titanium,
Ferro chrome. Ferro silicon. .

Ferro tungsten.



CHAPTER II
WROUGHT IRON

40. Historical. The history of the development of the art of the
iron maker, and the use of iron in the making of implements, machines,
and structures, is almost a chronicle of the advance of civilization. Since
the earliest ages iron has been the one metal of greatest value to man,
and when or where the first discoveries of its virtues were made are facts
which are shrouded in the mists of antiquity.

The primitive methods of derivation of iron from ores were all direct
methods, and the irons produced in the charcoal fire and the Catalan
forge were for the most part what is known as ‘“ wrought iron”’ to-day.
Steel was similarly made at almost as early a period, but only under
especially favorable conditions, and its production was never so common
as the production of wrought iron. Primitive methods of iron refinement
roughly resembling the modern crucible steel process are believed to have
been used in the production of the ancient Indian and Persian steels.

Charcoal bloomeries and Catalan forges, not extensively modified
or improved upon, were the only source of iron for many centuries.
Furnaces which were able to render molten iron from the ores, by utili-
zation of tall vertical shafts and stronger blast pressures were developed
in Belgium during the fourteenth century, and the first method of pro-
duction of wrought iron from pig iron, in what was essentially a puddling
furnace, was developed in England 400 years later.

41. Definition of Wrought Iron. The term “ wrought iron’’ is com-
monly applied to that commercial form of iron which is obtained by
the refining of a mixture of pig iron and scrap iron at a temperature
not sufficient to maintain the metal in a molten state after the removal
of its impurities, the iron being intermixed with a considerable amount
of the slag formed in the process.

The Committee on Uniform Nomenclature of Iron and Steel of the
International Association for Testing Materials defines wrought iron
as ‘‘malleable iron which is aggregated from pasty particles without
subsequent fusion, and containing so little carbon that it does not
harden usefully when cooled suddenly.”

42. Wrought Iron as a Material of Engineering Construction. Pre-
vious to 1855 wrought iron was .the most important metallic material
for general structural and construction purposes. It was rolled in all

624 )
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manner of shapes, and was used for frames of buildings, for bridges,
ships, tanks, and structures of all kinds. " Tools and implements were
made of wrought iron whenever a hardened edge or surface was not
required. Its strength, toughness, ductility, and forgeability made it
available for many purposes which could not be served by cast iron.

The introduction and rapid decrease in cost of Bessemer and open-
hearth steel in the latter part of the nineteenth century gradually forced
the abandonment of the use of wrought iron as a structural material.
Nevertheless, wrought iron still possesses an important place among
materials of construction, and bids fair to continue so indefinitely. Its
principal uses are as a material for general forging operations, particularly
‘where welding is involved, as rolled rods and bars, as wire, as welded
pipe, and as a metal for roofs and sides of buildings, for tanks, etc.

THE MANUFACTURE OF WROUGHT IRON

TaE WET-PUDDLING Pnocmss

43. The Puddling Process in General.  The usual process of manu-
facture of wrought iron consists in the melting of the pig iron in the
hearth of a reverberatory furnace which is lined with iron oxides, result-
ing in the elimination of most of the carbon, silicon, manganese, phos-
phorus, and sulphur present in the charge, by oxidation. The metal
becomes pasty toward the end of the process, owing to the decreased
fusibility of the purer iron, and is removed as a plastic ball from which
the slag must be removed as completely as possible by squeezing or ham-
mering. The resultant ““puddled bloom ” is rolled into large bars called
“muck bars.” The bars are cut into short lengths, piled up in bundles
which are wired together, heated to a white heat, and rolled down to a
smaller size called ‘‘ merchant bars.” .

This process results in the production of very pure iron mlxed with
from 1 to 3 per cent of slag, which the rolling process has caused to
assume the form of greatly elongated particles in the direction of rolling.
This circumstance accounts for the characteristic fibrous structure of
wrought iron, and the purity of the. metal accounts for its remarkable
ductility and weldability.

44. The Iron Used. The pig iron commonly used for puddling is a
grade known as “forge-pig.”” Its composition is from 1.00 to 1.50 per
cent silicon, 0.25 to 1.25 per cent manganese, not more than 1.00 per
cent phosphorus, and not more than 0.10 per cent sulphur. Compara-
tively high silicon is desired in order to provide sufficient slag to cover
the bath of metal and prevent excessive oxidation of the iron. Man-
ganese need not be carefully watched, because it is largely removed in
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the process. Phosphorus, and particularly sulphur, are not completely
removed, and must therefore be kept fairly low, although their injurious
effect upon the quality of the iron is by no means as marked as in the
case of steel. '

The weight of the charge varies according to the size and type of
furnace. Ordinary single furnaces handle from 200 to 600 pounds of
pig, while large furnaces, or double furnaces built in pairs without a
dividing wall, may handle as much as 1500 pounds per charge. Charg-
ing is usually done by hand, the pig iron being thrown in through the
firing door.

7
%

Fi16. 7. — 500-lb. Puddling Furnace.

45. The Puddling Furnace. The puddling furnace is a rectangular masonry struc-
ture lined with firebrick and tied together by steel tie-rods and iron plates and buck-
stays. Fig. 7 illustrates a common type of puddling furnace of 500 pounds’ capacity,
worked from one side, and Fig. 8 illustrates a 1500-pound furnace with two workdoors.
The furnace is of the reverberatory type, the heat depended upon to bring the working
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chamber to the desired temperature being largely that which is reflected from the slop-
ing firebrick roof of the melting chamber, the fuel being burned in a.separate chamber
out of contact with the metal. Iron castings support the working bed of the furnace
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Fig. 8. — 1500-1b. Puddling Furnace.

at a convenient height above the floor, thus permitting the free circulation of air beneath.
A hollow cast-iron ‘“fire-bridge’’ separates the firebox from the working chamber. It
is protected from the flames sweeping across into the working chamber by a covering
of refractory bricks or blocks, and is cooled by air driven through its hollow interior.
The *flue-bridge’”’ over which the waste gases pass from the working chamber to the
stack is of similar construction. It is customary to arrange two or four furnaces to be
worked by one stack, the flues from the individual furnaces being provided with dampers.
Furnaces are not infrequently built in pairs back to back.

The fuel is usually a bituminous coal which burns with a long flame. 1t is introduced
through a *‘firing hole”’ in the front wall. The large ‘‘working door” in the front wall
of the working chamber has a heavy iron projecting sill and is normally closed by an
iron-bound slab of brickwork which is suspended in place and balanced by a counter-
weight. A small opening in the lower edge of this slab affords an opportunity for the
puddler to insert his “rabbling iron’’ to stir or ‘‘rabble’’ the charge. The slag is tapped
off when necessary through a tap-hole provided below the working door.

46. Preparation of Furnace for Charging. The Fettling. The fur-
nace hearth is lined, or “fettled,” with strong iron oxides of basic char-
acter. The fettling requires extensive renewals after practically every melt.

The principal “fettling’’ materials used are: Basic slag from reheat-
ing furnaces; slag from the puddling furnace itself, usually roasted, but
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sometimes allowed to remain in the furnace from the previous melt;
hammer scale, or roll scale, from the finishing mill, and hematite ore.

Sufficient fettling is usually employed to cover the iron plates to a
depth of about 5 inches. The character of the fettling is vana.ble,
depending upon the character of the pig iron used.

47. Furnace Operation. Chemical and Physical Changes. The
furnace having been charged and a melting temperature attained, the
subsequent process may be considered in four stages which merge into
one another. ‘

The ‘““Melting-down Stage.” The pig iron gradually becomes red
hot and is turned about by the puddler to insure uniform heating. The
more fusible slag begins to melt within twenty minutes, and in the
course of half an hour the pig iron will have become completely melted
down. During this stage the oxidation of the metalloids begins. The
first to be oxidized is the silicon, followed by the manganese, and later
by the phosphorus and a small part of the sulphur. The oxides leave
the metal and join the slag. During this stage most of the silicon and
manganese are thus eliminated, together with a small proportion of the
phosphorus and a very small proportion of sulphur.

The “Clearing Stage.” During this stage, which occupies only
about ten minutes, it is usually necessary to add ore or mill scale, thus
making the slag still more basic, and to close the dampers to cool the
furnace sufficiently so that the carbon will not be oxidized before the
phosphorus and sulphur have been disposed of. Very vigorous rabbling
is necessary to promote oxidation by intimate contact between the pig
iron and the fettling. During this stage the removal of silicon and
manganese is almost completed, and a considerable further amount of
phosphorus and sulphur is eliminated.

The ‘“Boiling Stage.” This stage is principally characterized by
the removal of carbon, through the agency of the fettling first, and later
by the oxygen of the air, The ferric oxide is reduced by the carbon
with the formation of carbon monoxide gas which bubbles to the sur-
face, causing the boiling appearance characteristic of this period. It is
especially essential that the slag be very strongly basic at this time, as
it will otherwise be unable to retain the oxides of phosphorus and sul-
phur which the carbon monoxide might so easily reduce.

The carbon monoxide is burned by the oxygen of the air to form
carbon dioxide, resulting in the appearance of the light yellow flames
at the surface of the bath called “puddler’s candles.”” The expansion
of the bath during the boil causes its level in the hearth to rise greatly
and a considerable amount of slag escapes through the open slag hole.

During the boil the puddler continues to rabble the mass vigorously,
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and after about twenty minutes the metal begins to “come to nature,”
i.e., non-fluid iron begins to collect in patches in the bath and on the
surface in a pasty condition, owing to its lesser fusibility in its now nearly
carbonless condition.- Great care is required upon the part of the puddler
to prevent this pasty iron becoming chilled by sticking to the hearth,
or oxidized by exposure above the slag. At the end of from twenty to
thirty minutes all of the metal will have come to nature and the removal
of carbon will have reached its limit. A further quantity of phosphorus
and sulphur will have been eliminated during this stage.

The “Balling Stage.” When all the metal has come to nature the
balling stage begins. The puddler carefully gathers all of the pasty
metal into one mass, which he subsequently subdivides into portions of
such size as he is able to withdraw from the furnace. Each portion is
worked into a ball and welded together as completely as possible. The
balls are rolled up under the protection of the fire-bridge to prevent
excessive oxidation of the iron before being withdrawn. The balls are
finally gripped with tongs and drawn out of the door over the fore-plate
and taken to the squeezers as quickly as possible. The usual weight of
these ““puddle balls” is between 100 and 200 pounds.

The balling stage requires about twenty minutes altogether. It is
characterized by no chemical changes, but the furnace temperature must
be maintained as high as possible in order that the puddie balls may be
hot enough so that the slag is still very fluid when they reach the
‘squeezer.

48. Removal of Slag. Squeezing or Shingling. The puddle ball
when removed from the furnace is a very loosely agglomerated mass of
pasty iron, honeycombed with pockets of slag. This slag must be
removed as far as possible by mechanical means,
and the iron compacted and welded together by '\’W!’J

“gqueezing,” or “shingling.” £ // ﬁ,;”‘
19N

In American practice some form of squeezer

is generally used. A very common type of
squeezer is that shown in Fig. 9.

A wheel mounted on a vertical axis revolves within an
encircling cylinder of cycloidal form. Both wheel and
cylinder have corrugated surfaces. The puddle ball is
introduced at the point where the space between the Fi1a. 9. — Rotary Squeezer.
two surfaces is a maximum, and the rotation of the
inner wheel causes the ball to roll as it is carried around the annular space which is
constantly decreasing in width. When the ball is finally ejected a large part of the slag
will have been excluded and the metal wil) have been compacted by the kneading and
squeezing.

The puddle ball may also be “shingled,” i.e., forged down by some type of power
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hammer. ‘The steam hammer is usually employed in shingling Between blows the
puddle ball is constantly turned by the operator until it has been thoroughly welded.
together and the slag largely excluded.

~ The compression of the porous mass of metal either in squeezing or shingling results
in a considerable rise in temperature of the mass, which circumstance favors the expul-
sion of the slag by retaining it in a very fluid condition.

49. Rolling Mill Operations. The puddled ‘“blooms’’ from the
squeezer or the shingling are immediately transferred to the rolling
mill wherein the finished bar or shape is produced. The bloom is first

passed through a bar mill which reduces it

to rectangular bars called “muck bars”

which are 2 to 4 inches thick. These muck

bars are then cut into strips which are piled

up (Fig. 10), tied with wire, reheated to a

welding heat, and again rolled down to

..  form ‘“merchant bars.” A further quantity

Fia. IO'LR xeg:: of Piling of slag is squeezed out in rolling. Usually

. ) the bars in a pile are all laid the same way,
but occasionally they are “cross-piled,” i.e., alternate layers are laid
crosswise. This practice results in the production of a cross-network
of fibres, instead of having all the fibers running lengthwise of the bar.

Bars which have been piled and rerolled are commonly called mer-
chant bar or “single-refined iron’’; when subjected to a second piling,
heating, and rerolling, ‘“double-refined bar” is produced. The effect
of repeated rerolling is principally the further elongation of the strands
of slag in the direction of rolling, thereby rendering the iron still more
fibrous in its structure. No advantage is gained by piling and rolling
more than three times.

The final rolling is usually done in a mill called a ‘““merchant bar
mill,” Fig. 11. A series of passes through the rolls serves to gradually

Fig. 11. — Merchant Bar Mill.

reduce the bar to the desired size and shape. Roughing rolls are shown
at B and D while finishing rolls for ovals and rounds are shown at
Fand H.
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50. Mechanical Puddling. Efforts to avoid the very severe manual
labor involved in hand puddling, by the use of devices which mechanically
rabble the charge, have characterized the history of the industry for
many years. l

A well-known mechanical
furnace is the Roe furnace,
shown in Fig. 12.

It is suspended upon trunnions
and caused to oscillate in each
direction. Oil fuel is used, the
oil and air for combustion being
introduced through the hollow
trunnions. A stack is provided
at eitherend. The oscillations of
the furnace keep the bath and
slag well mixed, thus avoiding
hand rabbling. The entire charge
of the furnace, weighing about
4000 pounds, is discharged in one
ball from which the slag is
squeesed in a large hydraulic
squeeszer of special design.

61. Wrought Iron from
Scrap. A considerable pro-
portion of the wrought iron made in this country is made, not by refining

pig iron, but by heating and rolling scrap wrought iron.

" Usually this scrap is simply bundled together and wired in a pile
roughly resembling a pile of muck bars, heated to a welding heat, and
rolled.

A second method of utilizing scrap is called ‘“busheling scrap.”
Scrap iron of small size is gathered together, heated in a small furnace
resembling a puddling furnace, and the product treated as an ordinary
puddle ball. '

A third method is called “fagoting,” or “box piling.” A rough
box is made of muck bars which form the sides, bottom, and top, while
the interior is filled with miscellaneous small scrap. This mass is wired
together and handled just as a pile of muck bars would be handled.

All of the methods of making wrought iron from scrap without re-
melting result in the production of an inferior grade of material.

’ K1
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Fia. 12. — Roe Mechanical Puddling Furnace.

PROPERTIES AND USES OF WROUGHT IRON

52. Composition and Constitution. The composition of wrought
iron approaches pure iron more closely than any other commercial form
of iron. The usual impurities, carbon, silicon, phosphorus, sulphur, and
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manganese, are always present in small amounts, in addition to the slag
which is invariably present. The following analyses are examples of
the composition first, of an ordinary grade of wrought iron, and second,
of a very pure Swedish charcoal iron:

Ordi Wr iron, wedish iron,

Element. A rer rought iron. 8 per cent,
Total carbon......................... 0.100 0.050
Silicon......... veen . 0.200 0.015
Phosphorus . 0.150 0.055
Sulphur......... e 0.030 0.007
Manganese. .... .........cie0uean . 0.010 0.006
Slag and rare elements. ............... 2.800 0.610
Iron (by difference)................... 96.710 99.257

The constitution of wrought iron is quite simple as compared with
that of cast iron, because of the very low percentages of carbon and other
impurities in the iron. The

great bulk of the material is

nearly pure ferrite contam-

inated with small amounts of

silicon, phosphorus, etc.. The

appearance of a longitudinal

section of wrought iron under

high magnification is shown

in the photo-micrograph of

Fig. 13. The presence of slag,

appearing as many irregular

black lines of varying thickness,

is clearly evident. The crystal-

line nature of the ferrite can

also be plainly seen. The

e icro-phot ig.
Fio. 13. — Wrought Iron. Longitudinal  "crO-Photograph of Fig. 14

Section. Magnified 100 Diameters. shows the appearance of the
(Boynton.) transverse section of wrought

iron. The structure is in
every way similar to that revealed by the longitudinal section except
that the slag here appears as irregular dark areas corresponding to the
cross-section of the slag fibers.

A third constituent besides the ferrite and the slag is invariably
recognized, owing to the fact that carbon 1s always present in some
degree. This carbon will normally combine with the iron to form
cementite, which latter unites with a definite portion of the ferrite to
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form pearlite. Since the carbon content is normally very low, the
pearlite constituent is not conspicuous, but occurs only in isolated small
patches between the grains of
ferrite.
The constitution of the slag
itself is rather complex, being
made up of silicates and phos-
phates of iron and manganese,
formed by the combination of
the acid and basic oxides which
have joined the slag during
the puddling process.
63. Classes of Wrought Iron.
Wrought irons may be classed
according to method of man-
ufacture, or according to the
uses for which they are in-
tended. Fia. 14.— Wrought Iron. Transverse Section.
Charcoal iron is made by Magnification not Stated. (Guillet.)
refining the product of blast
furnaces worked with charcoal fuel, in a charcoal hearth. Knobbled
charcoal iron is iron made in a special type of charcoal hearth after
melting in a coke refinery. Charcoal irons are the purest grades of
wrought irons. . ‘
" Puddled iron is that made by the wet puddling process above de-
scribed. Newly puddled iron is sometimes called muck-bar iron, or
puddled-bloom iron, to distinguish it from scrap puddled-iron. Boz-
piled iron may be made entirely from puddled iron or may be made from
muck-bar iron and scrap.

Busheled scrap is a heterogeneous product made by heating and
rolling busheled or fagoted scrap.

The principal classes of wrought iron according to the uses for which
their qualitites fit them are staybolt iron, engine-bolt iron, refined-bar iron,
and wrought-iron plate.

Staybolt iron is made from puddled or knobbed charcoal iron. It
is the highest grade of wrought iron and, while not the strongest,
it is the toughest and most ductile iron, the best for forging and weld-
ing.

Engine-bolt iron is made from the same class of material as stay-
bolt iron, which it slightly surpasses in strength. It is slightly less
tough and ductile, however. '

Refined-bar iron is made from a mixture of muck-bar iron and iron
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scrap. It is inferior to stay-bolt and engine-bolt irons in strength,
toughness, ductility and forgeability.

Wrought-iron plate is made in two grades: Class A is made wholly
from puddled iron, and is a strong hard iron, but lacks ductility and
toughness when compared with the best grades of iron. Class B is
made from a mixture of puddled iron and scrap material, and is inferior
to class A iron plate in every respect. Neither class of wrought-iron
plate is intended for forging or welding. ,

564. Tensile Strength and Elongation. The tensile strength of a
given wrought iron is dependent upon the direction of stress with respect
to the “grain” of the iron. This is naturally to be expected, since the
continuity of the metal in a direction transverse to the direction of rolling
is interrupted by numerous strands of slag which are comparatively
weak. The tensile strength of wrought iron in a transverse direction
has usually been found to be between 0.6 and 0.9 of the strength in a
longitudinal direction. It. will therefore be safe to assume that this
strength is about three-fourths the strength in the direction of rolling.
When the muck bars have been ‘“cross-piled” the strength in a trans-
verse direction may nearly equal the strength in the longitudinal
direction.

The tensile properties of wrought iron are quite variable; but, when
the several grades listed above are recognized, the properties of a given
grad